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ABSTRACT 
 
Confined aquifers overlain by till confining units (herein termed till aquitards) provide 
drinking water to thousands of Minnesota residents. Quantification of the recharge (leakage) rate 
through till, specifically to buried-valley aquifers of glacial origin, is essential to assess their 
long-term sustainability for drinking-water supply. The U.S. Geological Survey in cooperation 
with Iowa State University and other Minnesota agencies conducted a two-year study starting in 
2015 to characterized hydraulic and geochemical properties of till aquitards and buried-valley 
aquifers at two sites in central and northeastern Minnesota within the Des Moines and Superior 
lobes, respectively. The objectives of the project were to estimate recharge, assess the 
sustainability, and suggest the contamination potential of underlying buried-valley aquifers. My 
hypothesis is that vertical recharge (leakage) through the overlying till aquitard is small to the 
buried-valley aquifers, such that the groundwater withdrawal exceeds the recharge (leakage) rate 
and unsustainable groundwater mining is occurring. Nineteen piezometers were installed in four 
nests to depths of 340 ft (104 m) in till and sand and gravel at study sites in Litchfield (Des 
Moines lobe, New Ulm Formation, Villard Member) and Cromwell (Superior lobe, Cromwell 
Formation, Automba Member and Aitkin Formation). Hydraulic heads were measured and 
hydraulic conductivities (K) were estimated with slug tests in order to calculate vertical recharge 
flux to underlying aquifers and estimate groundwater age. Groundwater and pore water were 
analyzed for major ions, enriched tritium (3H), and stable isotopes (δ18O, δ2H) to corroborate the 
age of groundwater in the system. 
The results from the two study sites suggest three different types of groundwater flow in the 
till aquitards and their underlying buried-valley aquifers. At the Litchfield study sites, 
downward-directed, vertical hydraulic gradients of 0.25 and 0.37 in the confining unit are paired 
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with geometric mean K = 8 x 10-7 ft/s (2 x 10-7 m/s) (LFO1) , and geometric mean K = 2 x 10-9 
ft/s (6 x 10-10 m/s) (LFO2) suggesting vertical recharge to the aquifer of 78 and 0.34 in/yr (198 
and 0.86 cm/yr) and groundwater ages of 2 and 1,026 years. Vertical recharge to the aquifer at 
LFO1 was limited to 8 in/yr (20 cm/yr) when used to calculate total recharge to the aquifer. The 
groundwater ages predicted by these calculations are corroborated by the enriched 3H data, which 
shows pre-bomb groundwater in the aquitard at LFO2 and a possible 3H bomb peak in LFO1, 
thus suggesting much younger water in the latter. Cl concentrations ranged from 12 to 294 mg/L 
at LFO1 and LFO2 also suggesting inputs from anthropogenic sources. Values of δ18O and δ2H 
at either nest do not indicate glacial-age groundwater. Recharge to the aquifer below the 
aquitard, based on an 8 mi2 (20 km2) area, is between 1,112 and 47 million gallons per year 
(MGY), which would be sufficient to sustain pumping of 340 MGY in the buried-valley aquifer. 
In contrast, the hydraulic gradient of 0.07 is upward-directed at CWO1/2 at the Cromwell site 
and precludes downward flow through the confining unit (geometric mean K = 7 x 10-7 ft/s / 2 x 
10-7 m/s). Groundwater age in the till aquitard is pre-bomb, but not of glacial age, and discharge 
may occur upward into the Automba Member sand and gravel. The lack of a significant 
difference in hydraulic head between the underlying slate aquifer and the buried-valley aquifer, 
and the presence of 3H in the latter only, suggest that recharge to the latter is likely occurring 
somewhere up gradient in the sand and gravel aquifer and not upward from the slate aquifer. 
Denitrification occurs at depth at both the Litchfield and Cromwell study sites, suggesting that 
NO3-N contamination of groundwater will not be an issue at either one. 
Overall, the results of this study suggest that sites in the same or different glacial lobe, 
Formation, or Member may differ in their hydraulic properties and their groundwater flow 
system. Vertical hydraulic gradients may not necessarily be downward. Although my hypothesis 
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that glacial-age groundwater occurs at depth was not confirmed, it is clear that estimating 
recharge to buried-valley aquifers from field data alone is difficult and that simulation of 
groundwater flow of the aquitard-aquifer system in three dimensions will be needed to improve 
prediction of aquifer sustainability of similar buried-valley aquifer systems in Minnesota.  
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CHAPTER 1. INTRODUCTION 
 
Background 
 
  Confined aquifers overlain by till aquitards provide drinking water to thousands of Minnesota 
residents. Quantification of the recharge (leakage) rate through till specifically to buried-valley 
aquifers of glacial origin is essential to assess their long-term sustainability for drinking-water 
supply and the risk of drinking-water contamination for municipalities. Recognizing the need for 
more information about the recharge (leakage) rate through till aquitards to buried-valley 
aquifers, the Minnesota USGS Water Science Center proposed a study, “Protecting the State’s 
Confined Drinking-Water Aquifers,” that received funding from the Legislative Citizens 
Commission on Minnesota Resources (LCCMR) on July 1, 2014. The project is a collaborative 
effort among the Minnesota USGS Water Science Center, Minnesota Department of Natural 
Resources, Minnesota Geological Survey, and the Minnesota Department of Health. The overall 
goal of the project is to assess the sustainability and contamination potential of glacigenic buried-
valley aquifers underlying the state’s two primary till units deposited by the Superior (SUP) and 
the Des Moines (DML) lobes during the latest glaciation (Wisconsinan). A subgoal of the project 
is to build a database of hydraulic properties of till aquitards in Minnesota. 
 
Motivation, Hypotheses, and Objectives 
 Despite the fact that the properties of groundwater flow in till aquitards have been 
investigated in surrounding states in the region (Wisconsin, Iowa, and Illinois), no systematic 
groundwater study has been conducted on till aquitards in Minnesota. Thus, apart from 
groundwater model estimates, the rate of recharge (leakage) through these units to underlying 
aquifers cannot be estimated with current data. Combined with even fewer data on the areal 
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extent of glacigenic buried-valley aquifers used by smaller municipalities in the state, it is also 
difficult to estimate their long-term groundwater sustainability. In short, the motivation for this 
study is the need to help municipalities assess sustainability of its aquifers by studying the 
hydrogeologic and geochemical properties of the till aquitard above those aquifers.  
 For the purposes of this study, the complicated multi-lobe, multi-advance, late Wisconsinan 
glacial history of Minnesota (Jennings and Johnson, 2011) (Figure 1) was distilled down to the 
two major glacial lobes of interest: the Des Moines lobe and the Superior lobe (Figure 2). Two 
study sites, one in central and one in northeastern Minnesota containing a till aquitard and other 
glacial sediments overlying a buried valley aquifer, were selected by USGS, DNR, and ISU 
hydrogeologists. Each site utilized the aquifer for its drinking water supply and each had 
performed a source water protection study of its aquifer. The city of Litchfield, Minnesota was 
the study site selected in the Des Moines lobe (Figure 3) and the city of Cromwell, Minnesota 
was the study site selected for the investigation of Superior lobe (Figure 4).   
 Till aquitards are generally thought to be excellent protectors of water quality in the aquifers 
below them, which in turn suggests that vertical water flux from near the land surface to the 
aquifer is small and that the travel time is likely very long. Thus, my hypothesis at these two 
study sites is that vertical recharge (leakage) through the overlying till aquitard is small to the 
buried-valley aquifers, such that the groundwater withdrawal exceeds the recharge (leakage) rate, 
such that unsustainable groundwater mining is occurring. I further hypothesize that groundwater 
age may be as old as late Wisconsinan in age, when glaciers were still present, and that remnants 
of that “colder” water are still present as pore water.  The objectives of this study at each site 
were:  
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1. To estimate the vertical recharge (leakage) flux and travel time of groundwater through 
the till aquitard using Darcy’s Law (using estimates of hydraulic conductivity (K), 
hydraulic head, and aquifer area) and the average linear velocity equation; 
2. To use groundwater and pore water geochemistry to corroborate groundwater flux and 
velocity estimates in (1), specifically to: 
a. Use environmental isotopes, specifically stable isotopes (δD and δ18O) and the 
radioactive isotope tritium (3H), to establish a qualitative groundwater age with depth; 
b. Use the vertical penetration of anions derived from anthropogenic activities (Cl, NO3-
N, Br) as further corroboration of the groundwater age with depth;  
c. Use redox- affected species (NO3-N, Mn, Fe, SO4) to identify redox conditions and 
reactions that may decrease concentrations of anthropogenically-derived anions 
(NO3-N, SO4) with depth.    
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CHAPTER 2. DESCRIPTION OF STUDY AREAS 
 
Physical Setting 
 
 The town of Litchfield (population 6,688) is located in the center of Meeker County, 
Minnesota. It relies on four municipal wells that pump approximately 340 million gallons per 
year (MGY) from a glacigenic buried-valley aquifer of limited areal extent. The physical setting 
at the site consists of low-relief ground moraine typical of the Des Moines lobe. Row crop 
agriculture is the dominant land use in the region. Two piezometer nests (LFO1 and LFO2) were 
installed at this site. LFO2 is located near the municipal well field on the outskirts of town.  
LFO1 is approximately 2950 ft (900 m) southeast on the north end of a city park in a residential 
area (Figure 3). Each piezometer nest contains four to five short-screened, small-diameter 
piezometers installed at various depths within the till confining unit and one larger diameter 
piezometer screened in the aquifer (see Methods section).  
 The town of Cromwell (population 231) is located in the northwest quadrant of Carlton 
County, Minnesota. It relies on two municipal wells pumping approximately 6 MGY from a 
glacigenic buried-valley aquifer. The site itself sits on a topographic high of hummocky 
topography consisting primarily of sand and gravel and lies up gradient from Tamarack River 
and Upper and Lower Island Lakes, which are suspected groundwater discharge areas.  Land 
use/land cover consists of moderately forested woodlands and some agriculture. Two piezometer 
nests (CWO1 and CWO2) were installed north of the city center of Cromwell and behind an 
assisted living center. CWO2 is located in the municipal well field and CWO1 is approximately 
165 ft (50 m) south of CWO2 in an open grassy field (Figure 4). Piezometer nest CWO1 and 
CWO2 contain three and five piezometers, respectively. Due to the close proximity of the two 
nests, they will herein be referred to as a single nest, CWO1/2, when describing results.  
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Hydrogeologic Setting 
 
Glacial Geology 
 
 During the late Wisconsinan glacial episode, multiple glacial lobes and sublobes advanced 
into Minnesota, with glacial ice depositing thick layers of till in between sand and gravel 
deposits that were likely outwash deposited by meltwater streams (Figure 1). Glacial lakes are 
represented by lacustrine clay and silt, and deltas as sand and coarse gravel. As the ice lobes 
advanced and retreated, former outwash deposits that may have been laterally continuous in 
valleys originally were truncated to leave isolated pods of sand and gravel that now represent the 
buried-valley aquifers of interest. These deposits have been classified into glacial 
lithostratigraphic units and summarized in Johnson et al. (2016) (Figure 5). 
 The Villard Member of the New Ulm Formation is the primary unit at the Litchfield sites. It 
was deposited by glacial ice (and its meltwater) that moved into Minnesota from the Winnipeg 
provenance to the north, eventually depositing the Pine City moraine (Johnson et al., 2016). The 
age of the till is not exactly known, but is thought to be about 12,300 14C yr BP (about 14,450 cal 
yr BP; Wright and Rubin, 1956; Clayton and Moran, 1982). More recent publications suggest 
that the formation of the Pine City moraine is older, about 13,000 14C yr BP (about 16,000 cal yr 
BP; Jennings and others, 2013). The lobe eventually had already advanced as far south as Des 
Moines, Iowa by 14 kA14C yr BP (Figure 1). The Villard Member till has a pebbly loam to clay 
loam texture and averages 45 percent sand, 36 percent silt, and 19 percent clay (Johnson et al., 
2016) (Figure 6).  Color is variable but is typically light yellow-brown (10YR 6/4) to brownish-
gray (10YR 6/2) where oxidized (weathered), and dark gray-brown (10YR 4/1) to gray (10YR 
5/1) where unoxidized (unweathered). The Villard Member also includes associated sand and 
gravel deposited by meltwater streams and silty lacustrine sediment.  
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 The glacial history of the Cromwell site is quite different from the Litchfield site. The 
Superior lobe advanced and retreated from the Lake Superior basin multiple times during the late 
Wisconsinan glacial episode (Figure 1). As the climate warmed, the extent of those advances into 
Minnesota became successively smaller. The Cromwell Formation, which consists of till, 
glaciofluvial, and glaciolacustrine sediment of Superior provenance, is the primary glacial 
lithostratigraphic unit present at the Cromwell site and in northeastern Minnesota. The exact age 
of the unit here is not well constrained (Johnson et. al, 2016). The St. Croix phase of the Superior 
Lobe advanced ice over Cromwell in west-central and south-central Minnesota between 15 and 
20 kA 14C yr BP. The Superior lobe advanced over Cromwell later during the Automba phase 
between 13.5 and 14 kA 14C yr BP (Johnson and Jennings, 2011). It was during ice retreat at the 
end of the Automba phase that the Cromwell Formation till was likely deposited on top of 
Cromwell Formation sand and gravel that is the buried-valley aquifer of interest at the site.  
 The Cromwell Formation itself consists of reddish-brown loam to sandy loam till, and a 
variety of reddish, bedded sediments, ranging from laminated silty clay to coarse-grained gravel.  
The oxidized color of the till is typically reddish-brown (5YR 4/4). Carbonate content is low, and 
sediments of the Cromwell Formation are typically deeply leached of carbonates, generally to 
below the depths of most surface exposures. Below about 20 ft (7 m), most samples of the 
Cromwell Formation effervesce at least slightly. The till texture is sandy loam in most places, 
but may be more loamy within the Lake Superior drainage basin (Figure 7). Johnson et al. (2016) 
collected and performed grain size analysis on two reference sections from different areas of the 
Cromwell till to highlight its variability. Mean particle-size percentages for each reference 
samples were: 44 or 66 percent sand, 49 or 21 percent silt, and 7 or 13 percent clay (Johnson et 
al., 2016). Cromwell till has a higher particle size variability than the New Ulm till (Figure 7). 
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Down-ice (southwest) from the Superior basin, sand percentage in the till generally increases 
(Johnson et al., 2016) (Figure 7). Samples from Carlton County (location of the study site) show 
a wide range of sand percentages, from 40 to 80 percent (Figure 7). The Formation is also very 
gravelly and stony. Almost all Cromwell Formation till samples contain more than 5 percent 
gravel, and most contain more than 10 percent gravel.  Coarser-grained fragments, from pebbles 
to boulders, are relatively common in the till. Where the Cromwell Formation till lies at the 
surface, boulder piles collected from farm fields are observed to be large and numerous. Bedded 
sand and gravel, which comprises the buried-valley aquifer at the Cromwell site, is also 
associated with Cromwell Formation till and is included within the Cromwell Formation. 
Underlying the buried-valley aquifer of interest is highly fractured, Paleoproterozoic slate of the 
Thomson Formation.   
 After the retreat of the Superior lobe, the St. Louis sublobe advanced again over Cromwell 
from the northwest at approximately 12.5 kA 14C yr BP (about 15,000 cal yr BP; Jennings and 
others, 2013) and deposited the Aitkin Member of the Cromwell Formation. Oxidized till color 
of this Member ranges from yellow-brown (2.5Y 5/4) to reddish-brown (5YR 4/4), and 
unoxidized color ranges from dark gray (2.5Y 4/1) to dark reddish-gray (5YR 4/2). Particle size 
commonly varies from loam to clay loam (Knaeble and others, 2004; Knaeble and Hobbs, 
2009b).  
Bedrock Stratigraphy and Topography 
 
 Bedrock stratigraphy in the subsurface near the Litchfield site consists of Paleoproterozoic 
schist and slate of the Little Falls Formation overlain by undifferentiated rock from the Lower to 
Upper Cretaceous composed of mudstone, siltstone, and sandstone as thick as 250 ft (76 m) 
(Chandler and Steenberg, 2015). The Cretaceous Dakota Formation composed of interbedded 
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sandstone, siltstone, and mudstone up to 150 ft (46 m) thick lies directly above the schist and 
slate (Chandler and Steenberg, 2015). The elevation of the Pre-Cambrian bedrock in Meeker 
County ranges from approximately 490 to 950 ft (150 to 290 m) above mean sea level (MSL). 
The topography of the bedrock is variable, with topographic highs in the northern and middle 
sections of the county and a split bedrock valley in the southwestern corner (Steenberg, 2015). 
Near the city of Litchfield, the elevation of the bedrock is approximately 850 ft (260 m) above 
MSL. 
 The bedrock stratigraphy in the subsurface near the Cromwell site consists of highly 
fractured Paleoproterozoic slate of the Thomson Formation (Chandler and Steenberg, 2015). The 
elevation of the Pre-Cambrian bedrock in Carlton County ranges from approximately 250 to 
1300 ft (76 to 400 m) above MSL. Bedrock topographic highs are located in the middle and 
eastern portions of the county, with a bedrock valley trending northeast along the southeastern 
portion of the county. The bedrock elevation is approximately 1000 ft (305 m) ASL just north of 
the Cromwell study site (Chandler and Steenberg, 2015). 
Potentiometric Surface in Bedrock Aquifers 
 Data are sparse for determining a potentiometric surface for the confined aquifer below 
Litchfield sites primarily because the Hydrogeologic Atlas in Meeker County has not been 
completed. Estimates of hydraulic head can only be obtained from water levels listed on well 
driller’s logs. A cursory examination of well logs suggests that the potentiometric surface in the 
region near the sites is about 1080 ft (330 m) above MSL, which is well below ground surface of 
1115 ft (340 m) above (MSL). In contrast, the potentiometric surface of the bedrock (slate) 
aquifer at the Cromwell site decreases in elevation from above 1300 ft (396 m) to 880 ft (268 m) 
above MSL northwest to southeast across the county until reaching a bedrock valley (Figure 8). 
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The potentiometric surface then increases in elevation on the east side of that valley (Berg, 
2011). The potentiometric surface at the Cromwell site (about 1311 ft (400 m) above MSL) is 
nearly coincident with land surface elevation of (1330 ft (405 m) above MSL).  
Hydrography 
 The Litchfield site is located in the North Fork of the Crow River watershed. The largest 
water body in Litchfield is Lake Ripley, which is located on the southern edge of the Litchfield. 
It encompasses approximately 0.87 mi2 (2.26 km2) and has a mean depth of 10 ft (3 m) with a 
maximum depth of 18 ft (5.5 m) (City of Litchfield, 2009). Jewett Creek, the sole outlet of Lake 
Ripley, runs across the western edge of the city, crosses just south of piezometer nest LFO1, and 
continues north from Litchfield, eventually connecting with the Crow River (Figure 3).  
 Upper Island Lake and Lower Island Lake are prominent water bodies on the western edge of 
Cromwell. Upper Island Lake is approximately 0.15 mi2 (0.4 Km2) in size with a maximum 
depth of 26 ft (8 m) and is located approximately 1,970 ft (600 m) due east of the piezometer 
nests CWO1/2. Lower Island Lake is just south of Upper Island Lake and is approximately 0.5 
mi2 (1.3 Km2) in size with a maximum depth of 22 ft (6.7 m). The Tamarack River runs east-
west across the northern edge of town, approximately 1,310 ft (400 m) south of the piezometer 
nests, and drains into Upper Island Lake.  
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CHAPTER 3. PREVIOUS WORK 
Buried-Valley Aquifers 
Hydrogeology 
 Buried-valley aquifers typically occur in glaciated regions; hence, in North America they are 
most common in Canada and the northern U.S. These aquifers are frequently used for municipal 
water supply, irrigation, and industry (Sandersen and Jorgensen, 2003; Russel et al, 2004; 
Cummings, 2012). Russel et al. (2004) proposed three types of buried-valley aquifers: bedrock, 
bedrock interface, and Quaternary sediment. In the present study, the focus is on the Quaternary 
sediment-type, buried-valley aquifers, which typically have the smallest dimensions of the three 
types (Russel et al., 2004). Buried-valley aquifers are heterogeneous, consisting of sand, gravel, 
mud, and till (Cummings, 2012). The aquifer extent, continuity, and transmissivity can be quite 
variable, thus making it difficult to determine their lateral and longitudinal extent. This 
variability causes difficulty in estimating the potential water availability of these systems, and is 
exacerbated by their tendency to compartmentalize into smaller sub-aquifers (Cummings, 2012). 
Compartmentalization was observed in several case studies of the Estevan Valley aquifer, a 
buried valley aquifer in southeastern Saskatchewan. Van der Kamp and Maathuis (2012) 
observed drawdown at long-term observation wells that suggested the presence of multiple 
hydraulic barriers within the aquifer, thus limiting maximum aquifer production. The aquifer 
drawdown cannot be analyzed using standard radial well-flow equations; instead they are 
considered “strip aquifers” that required a separate set of type curves (Van der Kamp and 
Maathuis, 2012). 
 Recharge to buried-valley aquifers is variable and dependent on the vertical hydraulic 
connections between the ground surface and the aquifer. This connection is a function of several 
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factors including, but not limited to, the heterogeneity of the overlying deposit, K, and thickness 
and continuity of confining units (Russel et al., 2004). Where upward vertical hydraulic gradients 
are present, recharge from the surface may be precluded. In these environments, recharge to 
buried-valley aquifers has been found to occur from underlying fractured bedrock (Panno et al., 
1994).  
Groundwater Geochemistry and Water Quality 
 
 Characterization of the groundwater geochemistry of buried-valley aquifers helps determine 
zones of groundwater mixing, major recharge zones, and identify the geochemical processes 
controlling the chemistry of the water (Panno et al., 1994; Clouter et al., 2006; Hackley et al., 
2010). This information provides a better understanding of the aquifer’s sustainability and its 
susceptibility to contamination (Panno et al., 1994; Hackley et al., 2010).  Based on studies of 
the Mahomet buried-valley aquifer in Illinois, Panno et al. (1994) suggested four mechanisms 
controlling the variation in major ion geochemistry of buried-valley aquifers: areas of rapid 
recharge, rock-water interactions, discharge of saline ground water into the aquifer from 
bedrock, and groundwater mixing. Hackley et al. (2010) postulated that the main mechanism 
controlling geochemical variations in buried-valley aquifers was the mixing of younger, typically 
more dilute, groundwater with older, more mineralized water discharging into it from bedrock. In 
general, recharge areas are characterized by a Ca-Mg-HCO3 type groundwater, while areas under 
confined conditions with older and more mineralized water are characterized by Na-HCO3, Ca-
Mg-SO4, and Na-Cl type groundwater, depending on the surrounding bedrock type (Cloutier et 
al., 2006; Hackley et al., 2010).  Redox processes are also useful to trace geochemical process, 
and are responsible for reducing NO3-N to N2O, mobilizing or immobilizing toxic metals, and 
producing dissolved Mn, Fe, H2S, and CH4 (McMahon and Chapelle, 2008). Hackley et al. 
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(2010) found a progressive decrease in 14CDIC activity in the western parts of the Mahomet 
aquifer. They determine this decrease was not due to a decrease in groundwater age, but was in 
part, due to fermentation reactions associated with methanogenesis that contributed 14C-depleted 
bicarbonate to the groundwater.  
 Geochemical analysis of anthropogenically-derived contaminants, including NO3-N, K, B, 
Cl, dissolved organic carbon (DOC), SO4, and Cl/Br ratios, can be useful tracers of modern 
contamination to aquifers and groundwater quality studies (Katz et al., 2011). Chloride is 
perhaps the most useful indicator of anthropogenic contamination in groundwater because it is a 
conservative ion and relatively easy to detect. Simpkins (2010) documented Cl contamination 
from de-icing salt, agricultural contamination, and possible sewage effluent in the Ames aquifer, 
a buried-valley aquifer in Ames, Iowa. He found concentrations as high as 120 mg/L in some 
parts of the aquifer. Kelly et al. (2012) investigated C concentrations in Quaternary buried-valley 
aquifers in Illinois and found that Cl concentrations varied greatly in glacial aquifers within till 
deposits, with Cl concentrations ranging from <1 to about 100 mg/L. In general, they found that 
shallow aquifers are more vulnerable to surface contamination than deeper aquifers. Mullaney et 
al. (2009) examined groundwater-quality data from 1,329 wells in 19 states in the glaciated 
northern US collected from 1991 to 2004. Land use was shown to be a significant predictor of Cl 
contamination in underlying aquifers. The median concentration of Cl in urban, agricultural, and 
forested areas was 46, 12, and 2.9 mg/L, respectively. Kelly et. al. (2012) also suggested that 
anomalously high Cl concentrations can be used to indicate the potential presence of more toxic 
conservative contaminants. Cl/Br ratios and Cl concentrations can together indicate 
anthropogenic sources such as road de-icing salts, agricultural chemicals, septic effluent, animal 
waste, and municipal landfill leachate (Panno et. al, 2006; Katz et al., 2011; Kelly et al., 2012). 
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Panno et al. (2006) collected 128 groundwater samples with known Cl sources and plotted Cl 
concentration against the Cl/Br ratio to create a diagram distinguishing different sources of Cl to 
the aquifer. Katz et al. (2011) sampled groundwater from across the U.S. from 1993 to 2005 
from 1848 domestic wells and tested them for major ions, B, Br, DOC, nutrients, and selected 
VOCs to determine impacts from septic system leachate. They found that groundwater from 
shallow domestic and monitoring wells (<65 ft/20 m depth) showed more of a potential impact 
from septic systems than deeper wells. They also suggested that Cl/Br ratios may useful in 
determining the source of elevated Cl concentrations.  
Environmental Isotopes 
 The environmental isotopes of tritium (3H) and stable isotope of oxygen and hydrogen (δ18O 
and δ2H, respectively) have been used extensively in groundwater studies during the past 40 
years (Freeze and Cherry, 1979). Tritium in modern times provides a relative age of 
groundwater. Values of δ18O and δ2H may suggest climate and thus imply groundwater age. 
They may indicate groundwater recharged under the present climate (Panno et al., 1994; 
Simpkins, 1995; Hackley et al., 2010) or, if the groundwater is isotopically lower with respect to 
present data recharge, it may imply recharge that occurred in a much colder climate during the 
Quaternary (Dutton and Simpkins, 1989; Siegel, 1983; Simpkins and Bradbury, 1992).  
 Tritium (3H) is radioactive isotope of hydrogen that is useful as a qualitative indicator of age 
for groundwater studies. Tritium activity is report in Tritium Units (TU), where a TU is equal to 
one 3H atom in 1018 hydrogen atoms. It is also equivalent to 3.221 Picocurries/L or 0.11919 
Becquerels/L (IAEA, 2000). Large amounts of tritium (3H) were released into the atmosphere 
during the hydrogen bomb testing during the early 1950s to 1960s. Brown (1961) estimated that 
background concentrations of 3H prior to the hydrogen bomb testing were between 5-15 Tritium 
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Units (TU). The peak in North America (Ottawa, Canada) was nearly 5000 TU during 1963 
(Freeze and Cherry, 1979), although was closer to 2500 TU in the Midwest (Simpkins, 1995).  
Due to the 3H half-life of 12.3 years, tritiated groundwater recharged prior to 1953 should not 
contain detectable tritium activity today and is termed “pre-bomb”. Groundwater recharged since 
1953 would have detectable 3H activity, making it a good qualitative indicator of recent 
groundwater age (Rowe et al., 1999). Tritium has been used extensively to estimate if water 
recharged to buried-valley aquifers is “pre-bomb” or recent (Shapiro et al., 1998; Rowe et al., 
1999; Simpkins, 2007; Hackley et al., 2010;). Shapiro et al. (1998) collected groundwater 
samples from 134 wells to characterize a buried-valley aquifer near Dayton, Ohio. They found 
3H concentrations ranging from below detection limit (<0.8) to 114.3 tritium units (TU). At most 
locations near the water table they found 3H activities of 15 TU, similar to 3H in precipitation at 
the time of their study; 3H was not detected in deep wells. This suggested to them that recent 
precipitation was recharging near-surface wells, but not traveling to deeper wells within the 
buried-valley aquifers. Tritium is used extensively in groundwater studies of buried-valley and 
other aquifers in Minnesota for sourcewater protection studies. Berg (2011) suggested the 
following categorization for 3H interpretation in aquifers in Minnesota: 
≤1 TU       Vintage – groundwater recharged prior to 1953 
1–10 TU   Mixed – groundwater is a mixture of recent and vintage waters 
>10 TU     Recent – groundwater entered the ground since 1953 
Simpkins (2007) documented modern 3H input to the Ames aquifer as between 5 and 7 TU, 
suggesting that the Berg (2011) 3H activity estimate for recent water is too high. 
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Till Aquitards 
Hydrogeology 
Till aquitards are generally viewed as barriers to groundwater flow, thus protecting 
underlying aquifers from contamination; but, they also limit groundwater recharge or leakage to 
those aquifers (van der Kamp, 2001). Groundwater flow in till aquitards has been investigated in 
Wisconsin (Bradbury et al., 1985; Simpkins and Bradbury, 1992), Iowa (Simpkins and Parkin, 
1993; Eidem and Simpkins, 1995; Simpkins, 2006), New York (Prudic, 1982), and Canada 
(Desaulniers et al., 1981; Hendry, 1982; Remenda et al, 1994; Hendry and Wassenaar, 1999; 
Hendry and Wassenaar, 2011). To date, no studies have focused on groundwater flow in and the 
hydraulic properties of till aquitards in Minnesota. 
Vertical groundwater flow in till aquitards and recharge (leakage) to underlying aquifers has 
been addressed in a number of the studies listed above. Studies of this type require estimation of 
all the components of Darcy’s Law – K, vertical hydraulic gradient, and cross-sectional area – 
and also effective porosity, if average linear velocity is required. This approach, including 
groundwater dating, is clearly demonstrated in the paper by Simpkins and Bradbury (1992). To 
assess K, field methods such as slug tests and aquifer pumping tests are more representative than 
laboratory tests because they take into account fracture flow (Simpkins, 1989; Van der Kamp, 
2001) and heterogeneity at larger scales. Performing pumping tests in till itself is generally 
impractical for estimation of K (Seo, 1996), although it can be estimated through leaky aquifer 
analysis (Neuman and Witherspoon, 1972). Simpkins (1989) demonstrated scale dependence of 
K in fined-grained till of the Oak Creek Formation in southeastern Wisconsin, as did Bradbury 
and Muldoon (1990) for three till units in eastern Wisconsin. In both studies, permeameter 
estimates of K were nearly two orders of magnitude lower than slug tests estimates. Fractures 
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have a significant effect on the bulk K of till and clay units (Grisak and Cherry, 1974; Hendry, 
1982; Helmke, 2005a; 2005b). Hendry (1982) conducted analysis of the K of till in Alberta, 
Canada and found that fractures in till can produce K values up to three orders of magnitude 
higher than the K value of material, excluding fractures, root channels, and worm tubules. 
Helmke et al. (2005) found a similar difference in K for till of the Dows Formation (equivalent to 
the New Ulm Formation in this study) in central Iowa. Values of K in fractured and unfractured 
till generally range from 10-11 to 10-5 m/s (Desaulniers, 1981; Hendry, 1982; Simpkins and 
Bradbury, 1992; Seo, 1996; Shaw and Hendry, 1998; Helmke et al., 2005a). 
 Specific discharge (i.e., Darcy flux, q=-Ki) and average linear velocity through till have been 
estimated by Darcy’s Law using field K values and hydraulic gradients calculated from hydraulic 
head measurements in nested piezometers (Hendry, 1982; Simpkins and Bradbury, 1992). The 
latter showed that vertical hydraulic gradients ranged from 0.11 to 0.76 at the five nests in their 
study, with gradients increasing significantly below 32.8 ft (10 m), presumably due to lack of 
fractures below that point. Specific discharge values in the Oak Creek Formation till (< 10% 
sand content) range from 0.13 to 6.6 cm/year, with concomitant average linear velocities of 0.16 
to 10.63 in/yr (0.4 to 27 cm/yr) (Simpkins and Bradbury,1992). They did not calculate discharge 
or leakage (Q) to the underlying Silurian dolomite aquifer as part of that study.  
Environmental Isotopes 
 The environmental isotopes 3H, δ18O, and δ2H have been used extensively in till aquitards, 
primarily to estimate or corroborate groundwater velocity, travel time, and groundwater age. For 
example, Johnson (1995) and Eidem et al. (1999) sampled enriched 3H to examine groundwater 
age with depth in the Dows Formation till in central Iowa. Both found recent 3H activity to 
depths of 13 ft (4 m) in the till (data in Simpkins, 1995). Several studies in till have found lower 
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δ18O values with depth, with minima reaching between -18‰ and -25‰ (VSMOW). While this 
is not exactly the δ18O isotopic composition of ice at -32‰, it suggests groundwater that was 
recharged under much colder conditions – perhaps during Wisconsinan time when the area was 
covered by glacial ice. So-called “glacial-age” water has been found in Lake Agassiz lacustrine 
sediments in Canada (Remenda et al., 1994), in till aquitards in northern and eastern Wisconsin 
(Desaulniers, 1981; Bradbury et al., 1985; Simpkins and Bradbury, 1992), and in fine-grained 
lake sediment in Glacial Lake Oshkosh in Wisconsin (Hooyer et al., 2011). All of these studies 
suggest restricted recharge (leakage) to underlying aquifers. In these studies, samples for isotopic 
analyses were mostly obtained from groundwater piezometers, although the study of Hooyer et 
al. (2011) squeezed pore water from the lake sediment using a hydraulic press (see Methods 
section).  
Groundwater Geochemistry and Water Quality 
 The geochemistry of groundwater in till has also been used to corroborate the groundwater 
flow through the till sequences. Specifically, the concentration of major ions has been used to 
categorize the depth of anthropogenic influence and to determine the transport and geochemical 
reactions controlling solute concentration in aquitards (Desaulniers, 1981; Simpkins and Parkin, 
1993; Hendry and Wassenaar, 2000; Rodvang and Simpkins, 2001; Burkart et al, 2004). 
Desaulniers (1981) examined the concentration of major ions with depth in a till aquitard in 
southwestern Ontario, Canada. The increase in Cl with depth there was determined to be the 
result of upward diffusion of Cl from bedrock. Hendry et al. (2000) analyzed a vertical profile of 
Cl through till and Cretaceous clay in Saskatoon, Saskatchewan. Five distinct zones were 
determined in the till based on Cl concentration. The two uppermost zones reflected recent input 
either from vertical recharge or horizontal flow through sand stingers down to a depth of 
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approximately 43 ft (13 m). The last three zones were reflective of Cl concentrations during 
glacier deposition, but upward diffusion of Cl through the profile was not suggested.  
 Simpkins and Parkin (1993) investigated the redox geochemical environment responsible for 
producing CH4 at depths less than 16 ft (5 m) in the Dows Formation till and Peoria Formation 
loess of the Des Moines lobe in central Iowa. The geochemical system removes dissolved O2, 
NO3-N through denitrification and uses alternate electron acceptors to reduce Mn, Fe, SO4, and 
eventually CO2 to CH4 in the unweathered (unoxidized) till. Parkin and Simpkins (1995) 
demonstrated the rapid rate of denitrification in the till, which is driven by the high organic 
carbon and DOC concentrations that resulted from the Des Moines lobe overriding the spruce 
forest growing on Peoria Formation loess. Based on the amount of C available, they estimated 
that the process of denitrification and reduction of other species could continue for 200-300 
years.  
 Evidence of surface anthropogenic activities are also present in groundwater in till aquitards. 
At the WCW site of Eidem et al. (1999), Johnson (1994) used NO3-N and Cl to demonstrate 
penetration of Cl deeper (16 ft/5 m) than NO3-N into the unweathered till, resulting in a decrease 
in the NO3-N/Cl ratio with depth. This relationship provides good evidence that the loss of NO3-
N with depth was due to denitrification and not that the NO3-N anion had failed to arrive at 
depth, as many agriculturalists believed at the time. Rodvang and Simpkins (2001) showed that 
the increase in intensive agriculture has been coincident with an increase in the detection of 
agricultural contaminants such as NO3-N and P in surface and groundwater. They examined 
contaminant concentrations in both weathered (oxidized) till (up to 85 ft/25 m thick) and 
unweathered (unoxidized) till. Concentrations of NO3-N above the maximum contaminant level 
of 10 mg/L as N were present in 20 to 50 percent of samples taken from weathered till in 
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intensive agricultural areas and suggests that groundwater recharge is percolating to these depths. 
Unweathered parts of till aquitards showed little to no evidence of anthropogenic input from 
agriculture, thus suggesting that recharge had not reached these depths. These results suggest that 
buried-valley aquifers that underlie weathered till aquitards at shallow depths are at higher risk of 
contamination from surface agriculture activities, while aquifers underlying thick sequences of 
unweathered till are better protected from agricultural contamination, but restricted in recharge 
(leakage). This is essentially the conclusion of Simpkins and Bradbury (1992) and Helmke et al 
(2005a).  
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CHAPTER 4. METHODS 
 
Drilling and Piezometer Installation 
 
  Nineteen piezometers each with three to six short-screened piezometers were installed at 
various depths among four nests to monitor hydraulic head, estimate K, and sample groundwater 
for geochemical analysis. Eleven piezometers were installed between two piezometer nests at the 
Litchfield study site (LFO1, LFO2) within the New Ulm Formation till and the underlying 
confined, buried-valley aquifer. Eight piezometers were installed between two piezometer nests 
at the Cromwell site (CWO1/O2) within the Cromwell Formation till, in the underlying confined, 
buried-valley aquifer, and in the bedrock (Thomson Formation slate). Hollow-stem auger drilling 
with a cutter head and split core barrel assembly with acetate liner was used to retrieve core 
samples as well as to the piezometers. The identification names combine the well nest name and 
letter and relative piezometer depth corresponds to an alphabetical letter. For example, LFO2-A 
is the shallowest piezometer in piezometer nest LFO2, and LFO2-F is the deepest. The sixteen 
piezometers were constructed of 1.25 or 2 in (3.18 cm or 5.0 cm) diameter, schedule 80 PVC 
with 2.66 ft or 9.62 ft (0.81 m or 2.93 m) screens, slot size 10 or 20, respectively, and installed to 
depths ranging from 20 ft to 162 ft (6 m to 50 m). Smaller diameter piezometers (1.25 in/3.18 
cm) were installed exclusively in till installations, whereas the larger diameter piezometers (2 
in/5.0 cm) were used in the aquifer. The remaining three piezometers in nest CWO1 were 
installed using mud-rotary drilling with no coring apparatus. Sample cuttings were retrieved 
from the drilling mud prior to entering the mud pit. Those piezometers were constructed of 2 in 
(5 cm) diameter, schedule 40 PVC with 2.80 ft or 9.62 ft (0.85 m or 2.93 m) screens, slot size 10 
or 20, respectively, and installed to depths ranging from 148 ft to 340 ft (45 m to 104 m) (Table 1 
and Appendix C). Nests LFO2 (Litchfield site) and CWO2 (Cromwell site) were installed near a 
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municipal well finished in the underlying buried-valley aquifer. Piezometer nest CWO1 was 
installed approximately165 ft (50 m) south of CWO2 in an open field. Piezometer nest LFO1 
was installed in a city park within a residential area approximately 2600 ft (800 m) southeast of 
LFO2.  
 The process of coring and piezometer installation occurred from June 8, 2015 to July 27, 
2015. Although most drilling proceeded normally, problems were encountered with the hollow-
stem auger with split core barrel sampling technique, which altered the original piezometer 
installation depths and substantially delayed the drilling process. These incidents could also add 
to the uncertainty in the some of the later measurements. These are detailed below. 
 Incident 1: During drilling the borehole for LFO2-C, a boulder was encountered at 70 ft (21 
m) below land surface and it halted further penetration. Initially, the drillers believed that the 
auger had snapped, at which point all the auger flights were pulled from the borehole and 
inspected. Nothing was found to be broken. A knockout plug was then used at the bottom to re-
drill to 65 ft (20 m) below land surface and the remaining five ft of the borehole (to 70 ft) was 
tremied with bentonite pellets and silica sand to 60 ft (18 m) below land surface. Another similar 
incident occurred during installation of LFO2-F.  
 Incident 2: When the PVC well casing became stuck inside the auger, the augers were 
rotated with the casing inside in order to free it. No damage to the PVC casing was detected. 
 Incident 3: During borehole drilling for CWO2-A, drilling was halted when a large rock was 
encountered at 174 ft (53 m) below land surface. While pulling augers out of the hole to set a 
piezometer at 140 ft (43 m) below land surface, the material in the formation (sand mostly) 
heaved up into the augers. Heaving continued up in the augers to about 55 ft (17 m) below land 
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surface, and silica sand and bentonite pellets were used to backfill the borehole before setting the 
piezometer at 35 ft (11 m) below land surface.  
 Incident 4: During borehole drilling with the core barrel set inside the augers, large rocks 
were encountered that prevented further drilling for piezometers CWO2-B, CWO2-C, CWO2-D, 
and CWO2-E. In general, piezometers were the installed at the depth where drilling was halted.  
 Incident 5: Groundwater and sand entering the auger flights and filling the augers at the 
bottom was also a continual issue, such that city well water was often poured into the auger 
flights to suppress the head in order to get the piezometer installed. Complete development of 
piezometers that induced water back out of the formation is an uncertainty that should be 
considered in the groundwater geochemical analyses.  
 A differential GPS and optical level survey was completed to measure piezometer elevation 
points and coordinates on September 9, 2016 at the Litchfield site and on September 29, 2016 at 
the Cromwell site. A differential GPS survey was used to measure the elevations and coordinates 
of the newly established reference marks, reference points, nearby MNDOT benchmarks, and 
piezometer coordinates. An optical level survey was then completed to each of the piezometer's 
measuring points based on the elevation of the surveyed reference marks and reference points. 
Overall absolute elevation accuracy during both surveys was reported to 0.1 ft ( 0.35 cm) at all 
wells/piezometers. Elevation accuracy between piezometers at each nest was 0.01 ft (0.035 cm) 
based on the optical level survey.  
 Development was implemented in all piezometers. We used a Waterra Hydrolift-2 inertial 
pump with 5/8 in. outer diameter tubing (small-diameter piezometers) and/or a Whale WP9012 
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Mega Purger with a pitch-blade turbine impeller (larger-diameter piezometers). At least three 
well volumes were purged from each piezometer (Table 2).   
Hydraulic Head Measurement  
 Water levels in the piezometers were measured during the project period to determine the 
vertical hydraulic gradient field through the till aquitard. Measurements were taken manually 
with a Solinst or Keck electric tape between July 2015 and August 2016. From January 10, 2015 
to May 15, 2016, continuous water-level measurements were taken at one-second intervals using 
Druck transducer and CR10X dataloggers in piezometers LFO1-B, LFO1-D, LFO1-F, LFO2-A, 
LFO2-C, LFO2-D, LFO2-F, CWO1-A, CWO1-B, CWO1-C, CWO2-A, and CWO2-D 
(Appendix A). The transducers were calibrated biannually by USGS employees, once in spring 
and once in fall. During calibrations, manual water level tape downs were measured with either 
an electric water level tape and/or a steel water level tape. These tapes were checked previously 
for calibration at USGS Hydrologic Instrumentation Facility (HIF) and measurements are 
accurate to 0.01 ft (0.003 m). During biannual pressure transducer calibrations, if the difference 
between the pressure transducer water level and the manual water level tape down differ by 
greater than or equal to 0.05 ft (0.015 m), the pressure transducer was reset in the field to the 
water-level tape reading. Continuous water-level data were approved by Andrew Berg twice per 
year, using USGS Automated Data Processing System (ADAPS) and Aquarius software. 
Continuous water-level data were corrected twice a year using instrument drift corrections using 
methods in Wagner et al., (2006), which were typically less than 0.05 ft (0.015 m). Water-level 
measurements were converted to hydraulic heads using the elevation data. These were used to 
calculate vertical hydraulic gradients between each piezometer and from the uppermost 
piezometer to the piezometer screened in the aquifer.  
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Hydraulic Conductivity (K) 
 
 Values of K were estimated using falling and rising-head slug tests in each piezometer 
(Figure 9, Figure 10) (Appendix B) and subsequent analysis of the data. For each falling-head or 
rising-head slug test, a solid PVC slug of known dimensions (3/4 in by 5 ft long/2 cm by 1.5 m 
long) was rapidly added or removed from the piezometer to induce head displacement, following 
the method of Simpkins and Bradbury (1992). To induce a head change of about 3.28 ft (1 m), 
two PVC slugs were linked together using a standard quick link. Three falling- and rising-head 
slug tests were conducted in piezometers LFO1-B, LFO1-E, LFO2-F, CWO1-B, CWO1-C, and 
CWO2-A and two falling- and rising-head slug tests in piezometer LFO1-F. Water-level 
measurements for these slug tests were taken with a Druck pressure transducer linked to a 
CR10X datalogger with a one-second recording intervals. Due to funding and time constraints, 
only one falling- and rising- head slug test was conducted in piezometers LFO1-C, LFO1-D, 
LFO1-F, CWO1-A, CWO2-B, CWO2-C, CWO2-D, and CWO2-E. Water-level measurements 
for these slug tests were taken manually with an electric tape. The slow rate of water-level 
change in the till units over multiple days or weeks makes this method more practical than using 
a pressure transducer (Simpkins and Bradbury, 1992). Butler et al. (1996) indicated that the 
cutoff for sufficient data quality using manual measurements is K < 32 ft/d (9.8 m/d).  
  AQTESOLV Pro, version 4.5 (Hydrosolve, Inc. 2007) was used to achieve a best-fit match to 
the water-level displacement data versus time from the slug tests. The KGS method (Hyder et al., 
1994) was used to estimate K from water-level recoveries in piezometers LFO1-C, LFO1-D, 
LFO1-E, LFO2-A, LFO2-B, LFO2-C, LFO2-D, LFO2-E, CWO1-A, CWO1-B, CWO1-C, 
CWO2-A, CWO2-B, CWO2-C, CWO2-D, and CWO2-E. This method applies a curved solution 
to declining or rising water-level data collected during a single-well, slug test in an unconfined or 
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a confined aquifer with a completely or partially penetrating well. The KGS method (Hyder et 
al., 1994) assumes the following: 
(1) The unconfined or confined aquifer is infinite in extent, homogeneous, and of 
uniform thickness; 
(2) the potentiometric surface of the aquifer is initially horizontal;  
(3) the slug is introduced or removed instantaneously to/from the well;  
(4) hydraulic head losses during the test are negligible;  
(5) the water-level response from the slug test is classified as unsteady or overdamped 
(non-oscillating); and 
(6) water is released instantaneously from storage with decline of hydraulic head. 
The KGS model also provides corrections for low permeability materials around the well screen 
and can address anisotropy in K (U.S. Environmental Protection Agency, 2014).  
 Because they occur under confined conditions, the water-level recoveries in piezometers 
LFO1-F and LFO2-F were analyzed for K using the Butler method (Butler, 1998). This method 
accounts for inertial effects and resultant oscillatory response for declining or rising water-level 
data collected during a single-well, slug test in a confined non-leaky aquifer with a high K value. 
The Butler method assumes the following: 
(1) The confined aquifer is infinite in extent, homogeneous, and of uniform thickness; 
(2) the potentiometric surface of the aquifer is initially horizontal;  
(3) the slug is introduced or removed instantaneously to/from the well;  
(4) hydraulic head losses during the test are negligible;  
(5) water is released instantaneously from storage with decline of hydraulic head; and 
(6) the wells are fully or partially penetrating. 
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The Butler method provides corrections for filter pack porosity and frictional well loss, and can 
take into account anisotropy in K (Butler, 1998). 
 The water level recoveries in piezometer LFO1-B were analyzed using the Springer and 
Gelhar method (Springer and Gelhar, 1991) for unconfined, high K aquifers. This method applies 
a curved solution to the declining water-level data collected during a single-well, slug test with a 
completely- or partially-penetrating well.  The method accounts for the oscillating water levels 
that often occur during tests in these conditions. This method assumes the following: 
(1) The unconfined aquifer is infinite in extent, homogeneous, isotropic, and of uniform 
thickness; 
(2) the potentiometric surface of the aquifer is initially horizontal; 
(3) the slug is introduced or removed instantaneously to/from the well; and 
(4) hydraulic head losses during the test are negligible. 
As in the Butler (1998) method, the Springer and Gelhar method provides corrections for filter 
pack porosity and frictional well loss, and can take into account anisotropy in K (Springer and 
Gelhar, 1991).   
Calculation of Recharge/Leakage 
 Specific discharge or flux (q), vertical recharge (Q), average linear velocity (Vz) and 
groundwater age (t) were estimated using Darcy’s Law relationships. Groundwater age (t) was 
calculated using the geometric mean of field values of K in the till units, hydraulic gradient over 
the entire stratigraphic section (i), estimated effective porosity (ne), and thickness of the till unit 
(L). Specific discharge (q) was calculated using field values of K and hydraulic gradients over 
the entire stratigraphic section (i). 
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𝑄 = 𝐾𝐼𝐴 Vz = -Ki/ne 
𝑞 = 𝐾𝐼              𝑡 =  
𝑛𝑒𝐿
𝐾𝐼
       
Where:  Q = recharge (L3/t) 
  q = specific discharge (L2/t) 
  K = hydraulic conductivity (L/t) 
  I = hydraulic gradient 
  t = time (years) 
  ne = effective porosity 
   L = thickness of unit  
  Vz = average linear velocity 
Groundwater Geochemistry and Water Quality 
Sampling Protocol 
 Groundwater samples from each piezometer were collected and analyzed for evidence of 
anthropogenic input, to estimate groundwater age, and to determine redox state at various depths 
within the confining unit and in the aquifer. Results from the geochemical analysis were also 
used to estimate the vertical recharge (leakage) through the till to the underlying buried-valley 
aquifer.  
 Groundwater samples were collected in July 2015 and in May 2016. Samples obtained from 
piezometers collected in July 2015 were analyzed for common anions (Br, Cl, CH3CO2, F, SO4, 
S2O3), nutrients (NO2-N, NO3-N, PO4 –P) and stable isotopes (δ18O and δ2H). Piezometers were 
purged until temperature and conductivity stabilized before samples were collected and placed in 
20 mL polyethylene vials. Samples were kept on ice or refrigerated until they were analyzed. 
Field parameters of pH, temperature, and dissolved O2 were not measured during this sampling. 
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  For the May 2016 sampling, piezometers were purged to dryness one week prior to sampling. 
The piezometers were purged again just prior to sample collection until temperature and 
conductivity stabilized. Sample collection procedures followed the protocol listed in Wilde 
(2004) and U.S. Geological Survey (2006). Samples collected from the piezometers in nests 
LFO2, CWO1, and CWO2 were analyzed for anions (Br, Cl, F, SO4), nutrients (NH3-N, total-P, 
NO2-N, NO3+NO2-N), total dissolved elements (K, Ca, Mg, Mn, S, Fe, Na), pH, total dissolved 
solids, enriched 3H, and stable isotopes (δ18O and δ2H). Groundwater samples collected from 
piezometer nest LFO1 were analyzed for enriched 3H and stable isotopes (δ18O and δ2H) only. 
Field measurements of specific conductance, pH, temperature, and dissolved oxygen were taken 
with a YSI 6820 water-quality multiprobe meter at each nest. At site LFO2, the piezometers 
were purged to dryness during sampling before the dissolved O2 reading stabilized. Due to time 
constraints, the dissolved O2 data were not obtained for this site. Field alkalinity measurements 
were performed by titrating the sample with 1.6N H2SO4 (sulfuric acid) until a pH of 4.5 was 
measured using a Thermo Scientific Orion Star A121 pH meter. Groundwater samples for 
analysis of anions, nutrients, and alkalinity were filtered through a 0.45-µm filter, placed in 250 
mL polyethylene bottles, and stored in a cooler until analyzed. Nutrient samples were stored in 
125-mL brown polyethylene bottles. Water samples collected for total dissolved elements were 
filtered through a 0.45-µm filter and then acidified with 4.5 N HNO3 to maintain a pH of less 
than 2.0. Unfiltered samples were collected for analysis of pH, specific conductance, total 
dissolved solids, and stable isotopes.  
 Groundwater samples collected in July 2015 were analyzed for anions by Rick Knurr at the 
University of Minnesota, Department of Earth Sciences, Analytical Geochemistry Laboratory. 
Samples were analyzed using a Dionex ICS 5000+ high-pressure ion chromatography system 
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with an AS19 4 μ (2 mm) column & guard column, AERS 500 (2 mm) suppressor w/ external 
water regenerant flow, and a EG 500 KOH eluent generator. Detection limit (DL) and standard 
deviation precision (STD) for each parameter in mg/L is as follows: F (DL = 0.002; STD = 
0.001), Cl (DL = 0.010, STD = 0.02), Br (DL = 0.005, STD = 0.002), SO4 (DL = 0.01, STD = 
0.08), and P (DL = 0.005, STD = 0.002).  
   Samples collected in May 2016 were analyzed at the USGS National Water Quality 
Laboratory (NWQL) in Denver, Colorado. Detection limit (DL) for each parameter in mg/L, 
unless otherwise noted, is as follows: CO3 (0.1), NH3-N (0.01), NO2 (0.001), NO3+NO2 (0.01), P 
(0.003), Ca (0.022), Mg (0.011), Na (0.6), K (0.03), Cl (0.02), Br (0.01), SO4 (0.02), F (0.01), 
SiO2 (0.02), Fe (4 ug/L), Mn (0.022 ug/L).  The NWQL also checked the cation-anion balance 
for accuracy and all analyses were within 10%.  
 Stable isotope analyses were conducted by Suzanne Ankerstjerne in the SIPERG facility in 
Department of Geological and Atmospheric Sciences at Iowa State University, under the 
supervision of Dr. Alan Wanamaker. Samples were measured via a Picarro L2130-i Isotopic 
Liquid Water Analyzer, with autosampler and ChemCorrect software.  Each sample was 
measured a total of six times. To account for memory effects, only the last three injections were 
used to calculate mean isotopic values.  Reference standards (VSMOW, USGS 48, USGS 47) 
were used for regression-based isotopic corrections, and to assign the data to the appropriate 
isotopic scale. At least one reference standard was used for every five samples. The combined 
uncertainty (analytical uncertainty and average correction factor) for δ18O is ± 0.06‰ (VSMOW) 
and δD is ± 0.42‰ (VSMOW), respectively. Isotope results are presented in standard δ notation 
in per mil, or parts per thousand, as a deviation from Vienna Standard Mean Ocean Water 
(VSMOW). 
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𝛿𝑠𝑎𝑚𝑝𝑙𝑒(‰) =
(𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑅𝑠𝑡𝑑)
𝑅𝑠𝑡𝑑
× 1000 
Where: 
Rsample is the ratio of 
2H/1H or 18O/16O in the sample 
Rstd is the ratio in the international standard (VSMOW) 
Finally, enriched 3H analysis was performed using electrolytic enrichment and a LKB Wallace 
1220 Quantulus counter in the Environmental Isotope Laboratory at the University of Waterloo 
in Ontario, Canada and reported as TU. Precision (± 1σ) ranged from 0.3 to 0.6 TU.  
 Crowdsourcing (Lowry and Fienen, 2013) was used to help collect the precipitation samples 
at each study site to construct a local meteoric water line (LMWL). Science teachers at Litchfield 
high school and Cromwell-Wright high school, Ryan Kadow and Lori Wester, respectively, 
assisted in the collection of precipitation. This method provided some community involvement in 
the project and a way for high school science students to get hands-on experience with real world 
research. I presented some of my research to the Cromwell-Wright students on October 9, 2015.  
Ball-in-funnel collectors were emplaced at each location (Kazahaya and Yasuhara, 1994). The 
collector was placed on the Cromwell-Wright high school roof and attached to a fence post in an 
open field near Litchfield high school. Precipitation samples were collected after rainfall events 
and stored in 20-mL polyethylene vials in a refrigerator until they could be delivered to Iowa 
State University for analysis.  Plots of δ18O and δ2H were constructed for each study site using 
precipitation samples collected near the Litchfield site from August to September 2015 and near 
the Cromwell site from August 2015 to April 2016 (Appendix D).  During the winter months, 
snow was collected and allowed to melt in a refrigerator before being placed in a 20-mL 
polyethylene vial.  
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Pore-Water Chemistry 
  Because of the possibility of drilling processes contaminating groundwater in fine-grained 
units (and the inability to remove those contaminants given the low K of the till), examination of 
till (aquitard) pore-water chemistry has often been alternative to standard groundwater sampling 
(Remenda et al., 1994; Hendry and Wassenaar, 2011; Hooyer et al. 2011). Pore water extraction 
from till cores has been carried out using a variety of methods to obtain in situ pore water for 
geochemical analysis. High pressure squeezing of core samples with a hydraulic press is a 
common technique that has been used since the early 1900s (Lipman, 1918) and it has been 
shown to work for analysis of major and trace elements and stable isotopes δ18O and δ2H (Sacchi 
et al, 2001).  Fernandez et al. (2014) extracted pore water from clay samples through squeezing 
at various pressures and found the results to be reproducible with no membrane effect. They 
concluded that pore water extracted from core samples through the process of squeezing was 
representative of in situ water.  
 Because of a previous contact with Michael Land at the U.S. Geological Survey, California 
Water Science Center in San Diego, California, we implemented his squeezing method for till 
core at the Litchfield study site. The till of the New Ulm Formation at the Litchfield site was 
remarkably free of stones and was predicted to squeeze well. Core at the Cromwell site was too 
stony to squeeze successfully; however, an extraction method was attempted (see explanation 
below). Six-inch core samples from the Litchfield site, roughly corresponding to depth intervals 
of the piezometer screen intakes, were sent to California in the acetate liners for pore water 
extraction. The hydraulic sediment squeezer used was modeled after the prototype of Manheim 
et al. (1994) and its application is described in Land et al. (2004) (Figure 11).  Pore water pH, 
specific conductivity, clarity, and color were recorded after squeezing and the pore fluid 
extracted from the 6-inch interval was sent to the Hydrogeology Research Group at Iowa State 
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University. The sample was then partitioned into two sub-samples. About 10 mL of sample was 
sent to Rick Knurr at the University of Minnesota Geology and Geophysics Analytical 
Geochemistry Lab for standard anion analysis. The remainder of the pore water sample was 
retained at Iowa State University for stable isotopes analysis in the Department of Geological 
and Atmospheric Sciences SIPERG facility (Appendix D). 
 For the stonier Cromwell Formation till, I used vacuum cryogenic distillation to extract pore 
fluid using the methodology in Guterriez-Lopez (2012). Vacuum distillation is a method used to 
extract pore fluid for analysis of stable isotopes. This method relies on evaporation and 
subsequent condensation of pore water. Lighter isotopes preferentially evaporate causing an 
overall depletion of δ18O and δ2H in the results that must be corrected. Araguas-Araguas (1995) 
tested this method on three types of soil with high water content and found that the extracted 
water was depleted in both δ18O and δ2H by 5 to10 percent and 0.3 to 0.5 percent, respectively, 
and that the amount of depletion varied with soil type. This result suggested that each sediment 
type requires its own set of calibration. Gutierrez-Lopez (2012) created a calibration curve to test 
the depletion that occurred in extracted soil water samples. He found samples with an extraction 
time greater than 30 minutes had an average error of ± 0.51‰ and ± 7.69‰ for δ18O and δ2H, 
respectively. 
 For my experiment, I needed to assess the precision of the distillation process and determine 
the optimum extraction time. I devised an experiment to test three samples at extraction times of 
30, 40, 50, 60, 70, 80, and 90 minutes (Appendix D). Test samples were prepared by oven drying 
previously squeezed, Litchfield site core samples at 100°C for a minimum of 24 hours. Water of 
a known isotopic composition was added in a ratio of approximately 2 mL of water per every 40 
g of till and thoroughly mixed before undergoing the extraction process. At least one reference 
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standard was used for every five samples. The combined uncertainty (analytical uncertainty and 
average correction factor) for δ18O was ± 0.05‰ (VSMOW) and δ2H is ± 0.34‰ (VSMOW), 
respectively. The average error for extraction times of 50 minutes or more was ± 0.34‰ and ± 
2.81‰ for δ18O and δ2H, respectively. The standard error for extraction times of 50 minutes or 
greater was ±0.06‰ and ±0.45‰ for δ18O and δ2H, respectively.  
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CHATER 5. RESULTS AND DISCUSSION 
Site Geology 
 
 Staff of the Minnesota Geological Survey (MGS), under subcontract to the USGS, 
investigated the geology at the Litchfield and Cromwell sites. USGS and ISU staff retrieved 
continuous core samples during the installation of piezometer nest LFO1 and LFO2 (and some in 
CWO1/2) and provided them to MGS for later study. Detailed core analysis, descriptions, and 
interpretation are contained in an unpublished report by Wagner and Tipping (2016). Core 
descriptions from that report appear in Appendix E. 
Litchfield Study Site 
 At the Litchfield study site, till of the Villard Member of the New Ulm Formation overlies 
the buried-valley aquifer which is also part of the New Ulm Formation (Wagner and Tipping, 
2016). The mean particle-size distribution of the till, determined from two continuous cores 
sampled at five foot intervals, was 49% sand, 33% silt and 18% clay (Wagner and Tipping, 
2016). This distribution is very similar to the equivalent Alden Member till of the Dows 
Formation near Ames, Iowa (Helmke et al., 2005). Till at site LFO1 also had a higher occurrence 
of sand clasts than LFO2 (Wagner and Tipping, 2016). Sediment of the New Ulm Formation is 
yellow-brown and oxidized in the upper 8 ft (2.4 m), and grey brown and unoxidized below this 
depth. Carbonates are present throughout except in the top 3 ft (0.9 m) of LFO1. Fractures were 
described in LFO1 and LFO2 cores to depths of approximately 60 and 90 ft (18 and 27 m), 
respectively. Most lacked Fe staining common to fractures surfaces in the equivalent till in Iowa 
(Helmke et al., 2005).  Many may be artifacts of the coring process and subsequent unloading; 
however, Helmke et al; (2005) found that many till fractures that were active in the transport 
process lacked Fe staining. 
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 Sediment sequences differ between the LFO1 and LFO2 sites. At the LFO1 site, 12 ft (4 m) 
of fine-grained, sandy and silty deltaic and glaciolacustrine sediment with some gravel occurs 
above the till. Wagner and Tipping (2016) interpreted this to be a deltaic deposit resulting from a 
series of meltwater plumes into Glacial Lake Litchfield. The sand and gravel unit is not found at 
site LFO2, which lies at approximately 25 ft (8 m) higher elevation than LFO1 (Wagner and 
Tipping, 2016) – apparently too high to be influenced by the glacial lake (Figure 12). The sand 
and gravel aquifer unit begins at approximately 98 and 117 ft (30 m and 36 m) below land 
surface at LFO1 and LFO2, respectively. Till thickness varies between the two piezometer nests. 
At nest LFO1 the till is approximately 60 ft (18 m) thick, and at LFO2 it is 115 ft (35 m) thick. 
The aquifer is approximately 44 ft (13 m) thick at site LFO2 and is underlain by Pre-
Wisconsinan till of the Sauk Centre Member of the Lake Hendry Formation (Meyer, 2015).  
Cromwell Study Site 
 The stratigraphic sequence at the Cromwell Study Site is more complicated than that at the 
Litchfield Study Site. Core samples were collected at piezometer nest CWO2; however, the high 
frequency of clasts greater than 2 inches (5 cm) in diameter interfered with the coring process 
and resulted in the collection of fewer core samples than expected. Core was not retrieved from 
nest CWO1, and the MGS reconstructed the geology through analysis of downhole gamma ray 
logs (Appendix F). Two glacigenic units were identified at the Cromwell site. Starting at the land 
surface, 6 ft (2 m) of silt loam till of the Alborn Member of the Aitkin Formation overlies 20 ft 
(6 m) of sand and gravel outwash of the Automba Member of the Cromwell Formation. This unit 
is likely responsible for the hummocky topography at the site. Below the Automba Member lies 
77 ft (23 m) of sandy loam to loam till of the Cromwell Formation with cross-stratified, fine to 
very coarse sand and gravel layers. The buried-valley aquifer below this is a sand and gravel unit 
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within the Cromwell Formation and it is underlain by Paleoproterozoic slate of the Thomson 
Formation (Boerboom, 2009).  
 Sediment of both the Cromwell Formation and the Aitkin Formation were both typically 
reddish-brown and carbonates were present in the core below 43.5 ft (13.3 m), suggesting a 
greater depth of leaching than till at the Litchfield Study Site and likely fewer carbonates 
initially. The Cromwell Formation till had a mean particle-size distribution of 57% sand, 31% 
silt, and 13% clay (Wagner and Tipping, 2016), which is about 8% more sand percentage than 
the New Ulm till. The Aitkin Formation till was not analyzed for particle-size distribution.   
Hydrogeology 
Hydraulic Head and Gradients 
 
 Water-level measurements were used to determine hydraulic heads at both study sites and to 
estimate the vertical hydraulic head gradients. Water-levels were measured from August 2015 to 
May 2016 and converted to hydraulic heads, and a mean hydraulic head in groundwater was 
determined in each piezometer (Table 3). The mean hydraulic head approach was used because 
of the influence that different K values have on the head responses at different depths and the 
long time periods for hydraulic response in low K sediments (Simpkins and Bradbury, 1992; 
Simpkins and Parkin, 1993). Vertical hydraulic gradients were calculated between each 
piezometer as the difference in total hydraulic head between two adjacent piezometers divided 
by the vertical distance between them. Overall vertical hydraulic gradients at each nest were 
calculated as the difference in total hydraulic head between the top piezometer and the bottom 
piezometer finished in the sand and gravel aquifer (Table 4). The overall downward hydraulic 
gradients at LFO1 and LFO2 are 0.25 and 0.37, respectively (Table 5).   
37 
 
 
 At the LFO1 site, the overall vertical gradient field strongly suggests downward flow (Figure 
13a). However, the very small vertical gradient between the Aitkin Member and the Villard 
Member till could reflect more lateral groundwater flow in the upper unit the top of the Villard, 
which may ultimately affect downward groundwater flow in the till below that point if most of 
the groundwater is moving away from the site. Similarly, the very small vertical gradient 
between the bottom piezometer in the till and the piezometer in the top of the aquifer suggests a 
potential for lateral flow at the top of the aquifer.  The piezometer LFO1-E here may be partly in 
the aquifer and thus yield a compromised hydraulic head. The vertical gradients steepen through 
the till section from 50 to 90 ft (15 to 27 m) at LFO1 and show a value of about 0.44. As 
expected from the Darcy’s Law relationship, the K values decrease in that section. This vertical 
gradient value is smaller than generally seen in the Dows Formation till of the Des Moines lobe 
(W.W. Simpkins, verbal communication, 2017). 
 In contrast, the vertical gradient field LFO2 is nearly double that of LFO1 from about 60 to 
110 ft (18 to 33 m) (Figure 13b). This steepening of vertical gradients near 1.0 with depth is seen 
more frequently in the Dows Formation till of the Des Moines lobe (W.W. Simpkins, verbal 
communication, 2017). The value of K decreases somewhat in the zone where the steepening 
hydraulic gradient occurs, which is also consistent with Darcy’s Law relationships ( 
Figure 13). For both LFO1 and LFO2, the vertical gradient data suggest that differences in K 
values may have a strong influence on the vertical hydraulic gradient field. 
 At Cromwell, an upward-directed vertical hydraulic gradient driven by the hydraulic head in 
the slate bedrock predominates and ranges from 0.03 to 0.15 through the profile (Table 4). In the 
absence of the potentiometric high, such an upward gradient could be driven by flow out of a 
high K zone surrounded by lower K material, as suggested by Freeze and Witherspoon (1967) 
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(Figure 14). Although upward groundwater flow is suggested by this gradient field overall, there 
are three areas where a slight downward hydraulic gradient exists. At approximately 125 to 145 
ft (38.1 to 44.2 m) a slight downward gradient of 0.11 exists, and above that between 100 to 125 
ft (30.5 to 44.2 m) there is a very small downward gradient of 0.02. Both of these anomalies may 
suggest that a different flow regime is present there, the till head is not yet in equilibrium with 
the surrounding flow system (Neuzil, 1986), or that the deepest piezometer in the Cromwell 
Formation till at 148 ft (45 m) BLS is providing an erroneously low hydraulic head. The third 
area of a downward gradient is between the buried valley aquifer and the underlying slate 
bedrock where an almost imperceptibly small downward gradient of 0.0002 exists. It is also 
important to note that, as opposed to the Litchfield site, the overall hydraulic head difference in 
this nest is about 10 ft over a vertical distance of about 280 ft, so there is less room for error in 
the gradient calculation (and surveying error) here than at the Litchfield sites. The overall 
vertical hydraulic gradient is upward at 0.07, calculated from the deepest piezometer in the shale 
bedrock to the shallowest piezometer at the site (Table 5). 
 Hydraulic Conductivity (K) 
 Values of K differ among the two study sites, primarily due to differences in particle size 
between the sandier and stonier Cromwell Formation till and the New Ulm Formation till. Only 
two piezometers were used to estimate the K value of till at nest LFO1. LFO1-E, which was 
intended to be screened solely in till, shows K values similar to what was found in the underlying 
sand and gravel unit and likely is accessing that high K unit. The K values from this piezometer 
were omitted from the geometric mean calculation because of the possible connection with the 
aquifer. Results for K from five piezometers screened in the till at nest LFO2 were used to 
estimate the geometric mean K of the till. Overall at the Litchfield study site, the values of K 
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from slug tests range from 2 x 10-3 ft/s (6 x 10-4 m/s) for sand and gravel to 1 x 10-10 ft/s (3 x 10-
11 m/s) for till. The geometric mean K values of till at LFO1 and LFO2 are 8 x 10-7 and 2 x 10-9 
ft/s (2 x 10-7 and 6 x 10-10 m/s), respectively (Table 6; Figure 13). These values for K are within 
accepted values for Des Moines lobe till, although the K values at LFO1 were slightly higher 
than expected (Simpkins and Parkin, 1993, Simpkins, 1996, Helmke et al., 2006). A Mann-
Whitney U test was applied to the Litchfield till data and showed a significant difference in the 
geometric mean K values of till between LFO1 and LFO2 at the 95 percent confidence level 
(Figure 15) (Appendix G). The large difference in mean K values between the two study sites in 
Litchfield is puzzling. Although the difference could be a slightly higher sand content at LFO1 
than LFO2 or be ascribed to till variability, the large three order of magnitude difference is more 
likely due to differences in till deposition between the sites or a greater influence of till fractures 
at LFO1. 
The higher sand percentage in the Cromwell Formation till predicts that the K values there 
would be higher than the New Ulm Formation till. The K values in the Cromwell study site range 
from 2 x 10-4 ft/s (6 x 10-5 m/s) for sand and gravel to 1 x 10-7 ft/s (3 x 10-8 m/s) for till. The 
geometric mean K value for till is 7 x 10-7 ft/s (2 x 10-7 m/s)  (Table 6; Figure 13) which is 
significantly different at the 95 percent confidence level from K values till at LFO2, but not the 
K values till at LFO1. 
Vertical Recharge/Leakage and Groundwater Age 
 
 Estimation of vertical recharge (leakage) to the underlying aquifer is a prime goal of this 
investigation; however, its estimation at both sites is complicated by several factors. First, the 
upward gradient at the Cromwell site, dictated by the potentiometric high in the slate aquifer, 
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precludes this calculation; i.e., there can be no route from water entering the land surface to enter 
to the underlying aquifer. Instead, groundwater from the slate aquifer could be recharging the 
buried-valley aquifer or groundwater moving laterally to this location from up gradient in the 
buried valley. Nearer the surface, however, some upward directed recharge may be occurring 
into the upper sand and gravel outwash of the Automba Member of the Cromwell Formation and 
move laterally within that unit, feeding into Tamarack River south of the site, or Upper Island 
Lake east of the site. Overall, it is clear that more research will be needed to determine the source 
and volume of recharge to this aquifer. Downward recharge scenarios may have been accessed 
by choosing a site further to the southeast in the county where the potentiometric surface in the 
bedrock is lower in elevation (see Figure 8). 
 Second, where recharge (leakage) estimates are possible at the Litchfield study site due to of 
predominantly downward vertical gradients, the different hydraulic gradient and K values at the 
two sites and lack of data on the exact size and extent of the buried aquifer of interest complicate 
direct application of Darcy’s Law to the problem. The potential specific discharge or recharge 
flux (q) based on K and gradient data in the till at LFO1 and LFO2 is 78 and 0.34 in/year (198 
and 0.85 cm/yr), respectively. The mean average annual precipitation at the Litchfield site is 
approximately 30 in/year (MNDNR, 2003); however, Smith and Westenbroek (2013) estimated 
recharge to the water table of between 4 and 8 inches per year in the vicinity of the site. 
Recharge to the aquifer there was estimated from an aquifer extent of 8 mi2 (21 km2) from the 
MGS Meeker County sand distribution model (Figure 16) (Meyer and Hamilton, 2015) – a map 
that itself is based on sparse data. Using the hydraulic characteristics of LFO1 (a less steep 
gradient and higher K values than LFO2) and an estimated specific discharge of 8 in/yr (20 
cm/yr) based on recharge estimates done by Smith and Westenbroek (2013), an estimated 1,112 
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MGY would recharge the aquifer. This value is higher than the current municipal pumping rate 
of 340 MGY and suggests that those rates are sustainable. It also suggests that more 
contaminants can reach depth at this site. Using the hydraulic characteristics of the till at site 
LFO2 (lower K values and nearly double the gradient), a much lower recharge (leakage) volume 
of 47 MGY is estimated, which is well below the municipal pumping rate. In contrast to LFO1, 
this suggests that very little recharge from the ground surface reaches the aquifer. Based on the 
variability of the till hydrogeology at the two sites, the actual recharge to the aquifer is likely 
somewhere between these two values. The high variability in K values and hydraulic gradients 
and uncertainty in aquifer and size make it difficult to estimate total recharge to the aquifer and 
thus predict its future sustainability.  
 Groundwater age and travel time may be calculated from these same values for hydraulic 
gradient and K. At the Litchfield study site, based on vertical groundwater velocities of 8 x 10-7 
ft/s and 4 x 10-9 ft/s (2 x 10-7 and 1 x 10-9 m/s) in LFO1 and LFO2, respectively, and assuming 
downward vertical flow in the till, groundwater age in the buried-valley aquifer ranges from 
about two to 1,026 years at LFO1 and LFO2, respectively (Table 7). Groundwater age at the 
Cromwell study site could not be calculated by this method due to the upward-directed vertical 
gradients. 
Environmental Isotopes 
Stable Isotopes 
 Precipitation samples were analyzed for δ18O and δ2H and local meteoric water lines 
(LMWL) were constructed for each study site (Figure 17, Figure 18) (Appendix D). The 
equation for the LMWL at the Litchfield site was δ2H = 7.3δ18O + 4.81 (r2 = 0.97, p = <0.001) 
with a mean value for δ18O and δ2H of -9.83‰ and -65.3‰, respectively. The equation for the 
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LMWL at the Cromwell site was δ2H = 8.1δ18O + 12.91 (r2 = 0.99, p < 0.001). With a mean 
value for δ18O and δ2H of -9.7‰ and -65.9‰, respectively. These values are consistent with 
other samples taken in the region and form the basis for establishing the modern isotopic input.  
 Groundwater samples from each piezometer and pore water extracted from core samples 
were also analyzed for δ18O and δ2H to determine whether the sites showed modern input values 
(Figure 19). Results from nests LFO1 and LFO2 showed relatively uniform isotope values with 
depth, with mean δ18O and δ2H values of -9.53‰ (S.D. =0.55) and -65.87‰ (S.D. =4.30), 
respectively. Isotope values at LFO2 were slightly lower than those at LFO1. Assuming that 
modern input might be closer to -9.0‰, the LFO2 sites shows an incursion of recent 
precipitation in the top in the shallowest well, whereas the LFO1 site shows consistent values 
from top to bottom. Neither site shows evidence of the lower stable isotope values typically 
associated with glacial-age pore water, so groundwater in the till and the aquifer are likely not 
late Wisconsinan in age. This conclusion is consistent with the groundwater ages calculated 
using Darcy’s Law. Stable isotope values from pore water are very consistent with the 
groundwater samples from piezometers (Table 10) (Figure 20). This suggests that pore water 
may be a good substitute for samples from piezometers in cases hydraulic head data are not 
obtainable for the investigation. These data also suggest that the groundwater values mostly 
reflect what is in the till, and not an artifact left from the drilling process.  
 Stable isotope values at CWO1/2 are consistently lower than LFO1/O2 with mean δ18O and 
δ2H values of -11.06‰ (S.D = 0.26) and -77.28‰ (S.D. = 2.15), respectively. This is to be 
expected because this site is further north than the Litchfield site. The δ18O values also lack a 
trend to lower values at depth, suggesting that groundwater in the till is also not late Wisconsinan 
in age (Table 8, Table 9, Table 10).   
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Enriched Tritium 
 Enriched 3H analysis showed very different distributions at the three piezometer nests. (Table 
8) (Figure 20). Nest LFO2 shows a typical pattern for 3H concentrations decline with depth in 
central Iowa (W.W. Simpkins, verbal communication, 2017), with a maximum value of 5.3 T.U. 
near the surface to below detection limit from about 60 ft (18 m) in depth down to the buried 
aquifer (Figure 20b). Despite the classification scheme of Berg (2011), the 3H found in the top 
two piezometers is likely recent recharge (based on precipitation samples in Ames, Iowa) and 
which is backed up by the δ18O trend to higher values at the same depth. The lack of measureable 
3H below that suggests that groundwater is not only pre-bomb, but that the downward flux of 
water is quite small. Again, these data are consistent with the earlier Darcy’s Law calculations.   
 Data from the LFO1 site tell a different story (Figure 20a). At that piezometer nest, peak 3H 
concentrations occur in the deepest piezometer in the till. The uppermost piezometer, which is 
screened in a surficial deltaic and outwash unit, shows a tritium concentration of 4.2 TU, which 
is suggestive of modern 3H input. Tritium then increases with depth through the till to reach a 
peak of 16.1 TU in LFO1-E, then declining to 7.7 TU in LFO1-F, which is screened in the 
aquifer. The 3H data are consistent with the lack of a significant trend in δ18O with depth (i.e, 
groundwater is more recent at depth than at LFO2) and with the groundwater age estimates.    
 The upward gradient at the Cromwell study site tells a different 3H story and suggests a 
different recharge (leakage) scenario for the buried-valley aquifer. Enriched 3H activity of 5.9 
T.U. occurs near the surface, with values below detection limit through the till and a modern 
concentration of 5.9 T.U. in the aquifer. This distribution suggests that groundwater is not 
moving vertically upward very quickly, because all the groundwater in the Cromwell Formation 
till is pre-bomb and is likely very old groundwater. The closeness of the 3H activities in the 
buried-valley aquifer and the shallowest piezometer may be a coincidence, but may suggest that 
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groundwater is recharged from a source area that is receiving recent recharge. Alternatively, 
Berg (2011) would suggest they are mixed-sources waters.  It is also significant that the slate 
aquifer shows a 3H value that is pre-bomb, which would not be expected if the slate were 
actively recharging the aquifer above it. It is also noteworthy that the downward-directed 
hydraulic gradient between the slate and the buried valley aquifer is barely measureable, 
suggesting that flow could be horizontal along that boundary and thus suggest separate flow 
systems in the bedrock and the buried-valley aquifer. The hydraulic gradient data and the 3H data 
suggest that recharge to the buried-valley aquifer at this location enters the system somewhere 
up-gradient in the same buried aquifer system or perhaps through a window through the 
overlying till aquitard where the hydraulic gradient in the till is downward. 
Groundwater Geochemistry and Water Quality 
 
Evidence of Anthropogenic Input 
Chloride and Bromide 
 Chloride concentrations in groundwater at the Litchfield study site ranged from 11 to 47 
mg/L, which is suggestive of anthropogenic impacts on groundwater (Table 11, Table 12). 
Background concentrations of Cl are generally in the range of 5 mg/L in till of the Des Moines 
lobe in Iowa, while anthropogenically affected concentrations range from 20 to > 100 mg/L 
(Simpkins, 2010).  Background Cl levels in Quaternary sediments in Canada and Illinois are 
generally between 15-20 mg/L (Howard and Beck, 1992) and 1 to 15mg/L (Kelly et al., 2002). 
All three of the piezometer nests are next to roads where de-icing salts are applied and near 
agricultural areas where KCL fertilizer is likely applied. The groundwater flow system at each 
site determines the vertical penetration of contamination.  
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 Groundwater at nest LFO2 showed a trend of decreasing Cl concentration with depth to 
values approaching background and near 11 mg/L, which would all be pre-bomb water and 
potentially the background concentration (Figure 21b). The opposite trend is shown at 
piezometer nest LFO1 where Cl concentrations increase with depth coincident with the 3H bomb 
peak (Figure 21a). Both the Cl and 3H data indicate substantial vertical penetration of recharge at 
the LFO1 site versus the LFO2 site. Pore water Cl values were slightly higher than groundwater 
samples in nest LFO1 and showed an increase with depth, while pore water was nearly the same 
as groundwater in the LFO2 nest. All but one pore water analysis fell between 24 and 85 mg/L 
Cl, with an outlier at site LFO1 showing a concentration of 294 mg/L (Table 13). That value was 
likely a lab contamination problem. In general, the groundwater was a reliable predictor of Cl in 
pore water (Figure 22). Chloride/bromide mass ratios in groundwater and pore water followed 
the same trend as Cl concentrations at the Litchfield study sites. Cl/Br ratios in groundwater 
samples and extracted pore water results ranged from 96 to 280 and 65 to 1360, respectively 
(Figure 21) (Table 9, Table 10, Table 11). These results also suggest anthropogenic influence on 
the groundwater from KCl fertilizers, de-icing road salts, and potentially sewage effluent at the 
LFO1 site due to its extremely large value (see Katz et al., 2011). 
 The anthropogenic contamination results are quite different at the Cromwell study site.  
Piezometer nest CWO1/2, which has an upward-direct hydraulic gradient, shows that 
groundwater concentration of Cl and the Cl/Br mass ratio decreased with depth to near 
background values and ranged from 1.0 to 45.4 mg/L and 62.4 to 1845.1, respectively (Figure 
21c). These values indicated evidence of anthropogenic input near the surface in the shallow 
aquifer there, but not significantly in the underlying aquitard and aquifer. With the presumed 
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water source containing little Cl coming upwards from below, the fact Cl or Cl/Br ratios are not 
large in the till aquitard section above it is consistent with 3H and hydraulic gradient data.  
Nitrate 
 
 Nitrate fertilizers are the primary cause of increasing NO3-N concentrations in groundwater 
throughout the U.S. (Spalding and Exner, 1993; Sebilo et. al. 2013). Highest NO3-N 
concentrations were detected in groundwater at shallow depths at all sites with extremely low or 
undetectable concentrations occurring in deeper piezometers (Figure 21) (Table 11, Table 12). 
Results from groundwater samples collected from piezometers at sites LFO1 and LFO2 showed 
that NO3-N ranged from 0 to 0.36 mg/L. These values are low for NO3-N concentrations in 
groundwater in aquitards in agricultural areas (Rodvang and Simpkins, 2001), which are usually 
10 mg/L NO3-N or greater (Eidem et al. 1999). Results of pore water collected at the LFO1 and 
LFO2 nests range from 0.6 – 11.7 mg/L. Results from nest CWO1/2 show NO3-N concentrations 
at 2.05 mg/L in groundwater in uppermost piezometer and concentrations below detection limit 
up to 0.03 mg/L below that depth. Based on studies elsewhere in the Des Moines lobe (Simpkins 
and Parkin, 1993; Parkin and Simpkins, 1995), and data showing that Cl is present in large 
concentrations where NO3-N is not present, these relationships provide good evidence that 
denitrification is removing the NO3-N in the aquitard and the aquifer. Denitrification eventually 
converts NO3-N to N2 gas. Simpkins and Parkin (1993) demonstrated the presence of the 
intermediate denitrification product, N2O, as evidence of denitrication driven by organic carbon 
in till and loess in till of the Des Moines lobe. Groundwater with the highest concentration of 
NO3-N at the Litchfield and Cromwell sites also has the highest NO2-N concentration, which 
could indicate active denitrification and conversion of NO3 to NO2 as another intermediate step.  
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Phosphorus 
 Based on the vertical distribution of total P at the three sites and the groundwater flow 
systems and ages, there is little evidence of vertical penetration of total P from the surface into 
the subsurface. Phosphorus, derived from natural and anthropogenic sources, varies from 0.147 
mg/L in groundwater at LFO2 to 0.123 mg/L in CWO1/2 (Figure 21). The median phosphorus 
concentration for buried Quaternary aquifers in Minnesota is 0.124 mg/L (MPCA, 1999). 
Concentrations of P increase with increasing residence time, which may be associated with 
elevated iron and manganese (MPCA, 1999). Groundwater with low redox potentials can result 
in the dissociation of Fe-P minerals, releasing adsorbed P (Burkart et al., 2004).  
 The lack of evidence for vertical penetration may suggest that much of the total P may be 
geologic in origin, particularly in the CWO1/2 nest. The concentration of total P in groundwater 
at site LFO1 was less than 0.020 mg/L through the entire vertical profile. The concentration in 
extracted pore water decreases with depth and ranges from less than 0.020 to 0.070 mg/L. Total 
P concentration increases with depth in groundwater at site LFO2, and ranges from less than 
0.003 to 0.147 mg/L, with the highest concentration occurring unexpectedly midway through the 
till. The concentration of total P in extracted pore water from LFO2 was below 0.020 mg/L for 
each sample and did not show the high concentration shown in the groundwater (Table 10, Table 
11, Table 12). The concentration of total P in groundwater at site CWO1/2 increased with depth 
to the base of the till unit, and then decreased in the aquifer. The concentration ranged from 
0.007 mg/L in the surficial sand and gravel to 0.123 mg/L at the base of the till (Table 11, Table 
12). In short, the evidence for total P moving vertically in groundwater at these sites is lacking. 
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Redox Indicators and Reducing Conditions 
 Redox reactions and reducing conditions are generally favored in till aquitards because of the 
presence of organic carbon (or pyrite) to drive reduction through alternate electron acceptors and 
slow moving groundwater with long residence times. Redox processes in till in Iowa have been 
discussed at length in Simpkins and Parkin (1993) and the Minnesota sites show some 
similarities and differences to Iowa. In general, groundwater at sites LFO2 and CWO1/2 show 
similar redox conditions to each other. Each piezometer’s groundwater samples showed 
progressive use of alternate electron acceptors with depth, as evidenced by the extremely low 
concentration of dissolved O2, lack of measureable NO3-N due to denitrification, and higher 
concentrations of dissolved Fe and Mn and decreasing SO4 concentrations with depth (Figure 
23). The buried-valley aquifer is generally the system with the lower redox potential, shown by 
its high Fe concentration and lower SO4 concentrations. A similar redox situation has evolved in 
the buried valley aquifer system in Ames, Iowa (Simpkins, 2007). H2S gas was detected by smell 
in some of the deeper groundwater samples in the LFO2 and in CWO1/2 nests, and methane gas 
bubbles were observed in groundwater from a couple of the piezometers at LFO1. It is possible 
that some of the sulfate could be the result of bentonite contamination from drilling (Remenda 
and van der Kamp, 1997), although pore water sulfate concentrations (not shown) indicate 
similar concentrations to groundwater. There is not a significant correlation between 
groundwater and pore water sulfate (Figure 24).  In any case, the voracity of the redox system is 
not comparable to the CH4-producing system in central Iowa described by Simpkins and Parkin 
(1993) where SO4 is entirely converted to H2S and CH4 was abundant. This suggests that the 
organic carbon (as dissolved organic carbon) concentration in groundwater at LFO2 and 
CWO1/2 sites is not as high as the sites in Iowa, presumably because the Des Moines and 
Superior Lobes did not advance over a spruce forest and incorporate carbonaceous material. Due 
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to its more northern latitude, the surface at the time of advance was either covered by ice or 
tundra vegetation (Jennings and Johnson, 2011). At CWO1/2 the redox state appears to shift to 
less reducing in the slate unit below the aquifer, because the Fe and Mn concentrations sharply 
decline to approximately the same values found in the till unit above the aquifer (Figure 23). 
This may indicate a lack of organic matter in the slate to drive those redox reactions. 
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SOURCES OF UNCERTAINTY 
 
  There are many sources of uncertainty of this project. Some of them are inherent to the 
methods used, and some were unexpected as the project progressed. They are listed below in 
bullet point format and in perceived importance to the results.  
 Recharge and groundwater velocity calculations were performed using one-dimensional 
hydraulic gradients in a three-dimensional system. This is an inherently uncertain 
calculation because gradients show the potential for flow in one-dimension, but do not 
mean flow is actually occurring in that dimension or at all;  
 Recharge calculations were perfomed using an estimated area for the aquifer. The aquifer 
size weighs heavily in the recharge calculation and the uncertainty in the size of the 
aquifer increases the uncertainty of the recharge estimation; 
 Incidents that occurred during drilling could add to the uncertainty of subsequent 
hydraulic head measurements taken from those piezometers and hydraulic gradient 
calculations;  
 A single falling or rising-head slug test was conducted in several piezometers, instead of 
the standard double test. This, in addition to measurement errors in the pipe or during the 
test, could add further uncertainty to the estimation of K;  
 Analysis of slug tests using AQTESOLV relied heavily on professional judgement for 
matching curves in cases where there was not an ideal match to the curve; 
 Surveying errors; 
 At site LFO2, the recharge to the piezometers was too slow to maintain flow long enough 
to get a stable dissolved O2 reading, resulting in a lack of dissolved O data for all but two 
of the piezometers at this site; 
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 Precipitation samples were not collected for a full year, which may have impacted the 
MWL calculation and the mean values of δ18O and δ2H. 
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SUMMARY AND CONCLUSIONS 
 
 The U.S. Geological Survey (USGS), in cooperation with Iowa State University, Minnesota 
Department of Natural Resources, Minnesota Geological Survey, and Minnesota Department of 
Health performed hydraulic and geochemical analysis of groundwater sampled from piezometers 
at study sites in Litchfield and Cromwell, Minnesota. The objectives of this study were to 1) 
estimate vertical recharge and travel time through the aquitard using Darcy’s Law and 2) use 
groundwater and pore chemistry to corroborate groundwater flux and velocity estimates.   
 Recharge estimates to the aquifer underlying the New Ulm till at the Litchfield site ranged 
from 47 to 1,112 MGY and were calculated from the hydraulic gradients, 0.25 and 0.37, and 
geometric mean till K values of 8 x 10-7 and 2 x 10-9 ft/s (2 x 10-7 and 6 x 10-10 m/s) at LFO1 and 
LFO2, respectively. Age of the water with depth was estimated to range from 2 to 1,026 years.  
 The upward gradient at the Cromwell site resulting from a potentiometric high in the slate 
bedrock precludes vertical recharge to the aquifer. It is hypothesized that the aquifer is recharged 
from horizontal flow. Further investigations and groundwater modeling is needed to determine 
the source and volume of recharge.  
 Overall, the chemistry results support the estimated K values and general travel time at the 
Litchfield sites. The δ18O values do not indicate glacial age pore water, and show values closer 
to modern precipitation. 3H data indicate that water is post-bomb with depth at LFO1, and pre-
bomb with depth at LFO2. The anthropogenic indicator chloride is found at both LFO1 and 
LFO2, but concentrations are shown to decrease with depth at LFO2 to background levels, and 
increase with depth at LFO1, indicating more recent water with depth at LFO1 and older water at 
LFO2. This corroborates the results from 3H analysis. 
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 The Cromwell site geochemistry results support the hypothesis that there is little interaction 
between units vertically. 3H data indicate that water is post-bomb in the buried-valley aquifer and 
in the surficial aquifer, but pre-bomb in the slate bedrock aquifer and in the till. The pre-bomb 3H 
in the till could indicate that there is not much movement upward through this unit and the water 
has been here for a fairly long time. δ18O values with depth are not indicative of glacial age pore 
water, but more recent precipitation. The concentration of Cl is elevated in the surficial aquifer 
and sharply declines in groundwater samples from piezometers screened in the till and below. 
The presence of 3H in the aquifer, but absence of anthropogenic indicators could provide 
evidence that the source of recharge to the buried valley aquifer is in a remote area, not highly 
affected by anthropogenic contamination.  
 The redox conditions at both Litchfield and Cromwell sites are similar with low 
concentrations of dissolved O2, lack of measureable NO3-N due to denitrification, and higher 
concentrations of dissolved Fe and Mn and decreasing SO4 concentrations with depth. Evidence 
of H2S gas and methane was observed in groundwater samples from deeper piezometers in LFO2 
and CWO1/2 nests. Methane bubbles were observed in groundwater from a few piezometers at 
site LFO1. The slate bedrock at site CWO1/2 shows a shift in redox state to less reducing, 
possibly due to a decrease in available organic matter to drive redox reactions. 
 Due to the large uncertainty in aquifer size and variability between the K values and 
hydraulic gradients at sites LFO1 and LFO2, it is difficult to calculate a total recharge amount 
for the buried-valley aquifer. The lack of information on where the recharge is occurring from in 
Cromwell makes it difficult to determine recharge. Both of these sites would benefit from further 
investigations and continued site monitoring to constrain the approximate recharge.  
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SUGGESTIONS FOR FUTURE WORK 
 
Future investigations at these study sites would provide better estimation of aquifer recharge 
and sustainability. More information is needed at the Cromwell site to determine the location of 
recharge to the aquifer. Although the Litchfield and Cromwell sites will be closed in the near 
future, suggestions for future work in Phase II are as follows: 
 Apply Nuclear Magnetic Resonance (NMR) logging of the deepest piezometers at each 
study site. This could give a more detailed idea of K with depth;  
 Perform a pumping test of the municipal wells at each site to better constrain the vertical 
K of the aquitard and the horizontal K of the aquifer; 
 Determine the age of groundwater with more accurate methods such as 3H/3He to better 
constrain the travel time; 
 Apply a 3-D groundwater model (MODFLOW) to better estimate aquifer 
recharge/leakage; 
 Analyze precipitation for 3H at study sites to provide a value for modern input; 
 Identify a potential recharge zone northwest or southeast of the Cromwell site to install 
piezometers and test for downward-directed groundwater flow and recharge/leakage.   
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Figure 1. Glacial lobes and sub lobes in Minnesota. Adapted from 
Jennings and Johnson (2011). 
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Figure 2. Generalized extent of deposits from the Des Moines 
and Superior lobes in Minnesota (taken from Figure 1). 
Locations of Cromwell and Litchfield study sites are shown. 
64 
 
 
             
     
Figure 3. Location of piezometer nests LFO1 and LFO2 in Litchfield, Minnesota. 
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Figure 4. Location of piezometer nests CWO1 and CWO2 in Cromwell, Minnesota. 
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Figure 5. Surface lithostratigraphic units of Minnesota. Cromwell and Litchfield study sites 
indicated by black boxes. Bold outlines represent the surficial extent of Formations. Light dashed 
lines indicate the extent of Members. Bold, dashed lines are approximate Formation boundaries. 
Figure adapted from Johnson et al. (2016). 
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Figure 6. Ternary diagram from Johnson et al. (2016) showing distribution of particle-size data 
for the Villard Member of the New Ulm Formation on the USDA classification. The mean 
particle size of the Formation is: 5 percent sand, 36 percent silt, and 19 percent clay.  
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Figure 7. Ternary diagram from Johnson et al. (2016) showing particle-size data in the 
Cromwell Formation from differing sample locations.  
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Figure 8. Potentiometric surface of the bedrock aquifer, Carlton County, Minnesota. Head 
contour interval 40 ft with supplementary contour intervals of 20 ft in some areas. Solid lines 
show hydraulic head values with high confidence; dashed lines show values with less 
confidence. The elevation of the potentiometric surface at the Cromwell site (location shown by 
star) is approximately 1300 ft. 
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Figure 9. Aqtesolv analysis of the falling-head slug test performed in piezometer LFO2-E, 
screened in New Ulm Fm. till. The KGS solution method was used in this analysis (Hyder et al., 
1994). 
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Figure 10. Aqtesolv analysis of the third falling-head slug test performed in piezometer LFO2-F, 
screened in the New Ulm Fm. sand and gravel buried valley aquifer. The Butler solution method 
was used in this analysis (Butler, 1998). 
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Figure 11. Photograph of a hydraulic press in Michael 
Land’s laboratory similar to what was used in this study to 
extract pore fluid from till samples. 
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Figure 12. Comparison of the lithologies present at LFO1 and LFO2. LFO2 sits approximately 
26 ft higher in elevation than LFO1. 
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Figure 13. Hydraulic head with depth at LFO1(a), LFO2(b), and CWO1/2(c). Hydraulic head 
decreases with depth at both LFO1 and LFO2. At CWO1/2 there is an overall increase in 
hydraulic head with depth. There is a large decrease in K values where the hydraulic head 
increases to form a bulge in the Cromwell till. The lower K values likely contribute to this area 
of increased head.  
 
 
a. b. 
c. 
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Figure 14. Effect of high K bodies on regional groundwater flow showing possibilities for 
development of upward-directed hydraulic gradients. Diagram from Schwartz and Zhang (2003); 
adapted from Freeze and Witherspoon (1967). 
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Figure 15. Box-and-whisker plots of log K in till of the New Ulm (green) and Cromwell 
Formations (red) at sites LFO1, LFO2, and CWO1/2. Midline in the box is the median; values 
greater than 1.5*IQR, are shown by circles. Mann Whitney U tests show a significant difference 
in log K values between LFO1 and LFO2 and between LFO2 and CWO1/2 K (p=0.05)., but 
there no significant difference between LFO1 and CWO1/2 K values. See Appendix H for 
calculations. 
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Figure 16. Extent, depth from surface, and thickness of sand bodies in Meeker County created 
by the Minnesota Geological Survey (reference). The buried sand and gravel aquifer in Litchfield 
is outlined by the red circle. The area of the aquifer used for recharge calculations was estimated 
from this map. Adapted from Meyer and Hamilton (2015). 
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Figure 17. Plot of δ2H vs. δ18O of eight precipitation, 11 ground water, and 13 pore water 
samples from the Litchfield site. The LMWL was constructed using precipitation values from the 
Litchfield site only and shows a significant correlation. The Global Meteoric Water Line (δ2H = 
8δ18O + 10) is also plotted (Craig, 1961). 
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Figure 18. Plot of δ2H vs δ18O of 14 precipitation and eight groundwater samples from the 
Cromwell sites. The Local Meteoric Water Line was constructed using precipitation values from 
the Cromwell site only and shows a significant correlation. The Global Meteoric Water Line 
(δ2H = 8δ18O + 10) is also plotted (Craig, 1961). 
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Figure 19. Plot of groundwater δ18O versus pore water δ18O values. Regression trend line shown 
as solid; dashed lines indicate the 95% confidence bands. There is a significant correlation, 
suggesting that groundwater δ18O is a good predictor of pore water isotopic composition. 
 
 
 
 
Pore Water δ18O = 0.6 Groundwater δ18O – 4.1 
R2 = 0.46 
p = 0.04 
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Figure 20. Enriched 3H and 18O profiles using data from groundwater samples and pore water at 
piezometer nests LFO1 (a), LFO2 (b), and CWO1/2 (c).  
  
a. b. 
c. 
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Figure 21. Concentration profiles of anthropogenic indicators in groundwater and pore water at 
piezometer nests LFO1 (a), LFO2 (b), and CWO1/2 (c). 
a. 
b. 
c. 
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Figure 22: Plot of groundwater Cl versus pore water Cl values. Regression trend line shown as 
solid; dashed lines indicate the 95% confidence bands. There is a significant correlation, 
suggesting that groundwater Cl is a good predictor of pore water Cl concentration. 
 
 
 
Pore Water Cl = 0.7 Groundwater Cl + 8.7 
R2 = 0.90 
p = 0.01 
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Figure 23. Profiles of redox species from groundwater at piezometer nest LFO2 (a) and 
CWO1/2 (b). LFO2 a has a gap in dissolved O2 data due to the piezometers being pumped dry 
before an accurate reading could be taken. 
a. 
b. 
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Figure 24:  Plot of groundwater SO4 versus pore water SO4 concentrations. Regression trend 
line shown as solid. Not significant at p=.05. 
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TABLES 
Table 1. Piezometer location, specifications and construction data.  
  
Piezometer Latitude  Longitude 
Land Surface 
Elevation (ft. 
NAVD88) 
Drill 
Depth (ft. 
BLS) 
Completed 
Well Depth 
(ft. BLS) 
Borehole 
Diameter 
(in.) 
LFO1-B 45°08'14" 94°31'50" 1115.22 25.5 25.27 8.25 
LFO1-C 45°08'14" 94°31'50" 1115.45 53.1 53.10 8.25 
LFO1-D 45°08'14" 94°31'50" 1115.34 75.5 75.27 8.25 
LFO1-E 45°08'14" 94°31'50" 1115.15 96 95.28 8.25 
LFO1-F 45°08'14" 94°31'50" 1115.19 127.7 127.46 8.25 
LFO2-A 45°08'32" 94°32'12" 1139.45 20 19.99 8.25 
LFO2-B 45°08'32" 94°32'12" 1139.29 35.5 35.13 8.25 
LFO2-C 45°08'32" 94°32'12" 1139.72 70 59.84 8.25 
LFO2-D 45°08'32" 94°32'12" 1139.18 86 85.14 8.25 
LFO2-E 45°08'32" 94°32'12" 1139.64 114.0 113.82 8.25 
LFO2-F 45°08'32" 94°32'12" 1139.47 162.5 162.42 8.25 
CWO1-A 46°41'10" 92°53'14" 1326.28 150 147.97 6.75 
CWO1-B 46°41'10" 92°53'14" 1326.29 231 230.87 6.75 
CWO1-C 46°41'10" 92°53'14" 1326.25 340 339.59 6.75 
CWO2-A 46°41'12" 92°53'14" 1332.28 174 35.17 8.25 
CWO2-B 46°41'12" 92°53'14" 1332.59 60.5 59.62 8.25 
CWO2-C 46°41'12" 92°53'14" 1332.33 82 81.57 8.25 
CWO2-D 46°41'12" 92°53'14" 1332.13 107.5 106.45 8.25 
CWO2-E 46°41'12" 92°53'14" 1332.44 129.5 128.65 8.25 
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Table 1 continued. 
Piezometer 
Casing 
Diameter 
(in.) 
Screen 
Diameter 
(in.) 
Screen 
Slot Size 
Screen 
Openings 
(in.) 
Screen 
Length (ft.) 
Top of 
Screen (ft. 
BLS) 
Bottom of 
Screen (ft. 
BLS) 
LFO1-B 1.25 1.25 10 0.010 2.66 22.40 25.06 
LFO1-C 1.25 1.25 10 0.010 2.66 50.23 52.89 
LFO1-D 1.25 1.25 10 0.010 2.66 72.40 75.06 
LFO1-E 1.25 1.25 10 0.010 2.66 92.41 95.07 
LFO1-F 2.04 2.04 20 0.020 9.62 117.50 127.12 
LFO2-A 1.25 1.25 10 0.010 2.66 17.12 19.78 
LFO2-B 1.25 1.25 10 0.010 2.66 32.26 34.92 
LFO2-C 1.25 1.25 10 0.010 2.66 56.97 59.63 
LFO2-D 1.25 1.25 10 0.010 2.66 82.27 84.93 
LFO2-E 1.25 1.25 10 0.010 2.66 110.95 113.61 
LFO2-F 2.04 2.04 20 0.020 9.62 149.56 159.18 
CWO1-A 2.04 2.04 10 0.010 2.80 144.56 147.36 
CWO1-B 2.04 2.04 20 0.020 9.62 220.91 230.53 
CWO1-C 2.04 2.04 20 0.020 9.62 329.63 339.25 
CWO2-A 1.25 1.25 10 0.010 2.66 32.30 34.96 
CWO2-B 1.25 1.25 10 0.010 2.66 56.75 59.41 
CWO2-C 1.25 1.25 10 0.010 2.66 78.70 81.36 
CWO2-D 1.25 1.25 10 0.010 2.66 103.58 106.24 
CWO2-E 1.25 1.25 10 0.010 2.66 125.78 128.44 
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Table 2. Development data for piezometers at both sites. 
Piezometer 
Total 
development 
time (min) 
Total volume 
pumped (gal) 
Average 
pumping 
rate (GPM) 
Average 
well 
volume 
(gal) 
Number of 
well volumes 
purged 
LFO1-B 226 46.80 0.21 0.91 51.4 
LFO1-C 114 24.00 0.21 2.61 9.2 
LFO1-D 216 43.05 0.20 3.12 13.8 
LFO1-E 708 198.07 0.28 3.71 53.3 
LFO1-F 179 198.90 1.11 14.70 13.5 
LFO2-A 72 6.06 0.08 0.70 8.7 
LFO2-B 89 7.22 0.08 1.43 5.0 
LFO2-C 75 10.50 0.14 2.80 3.8 
LFO2-D 85 8.48 0.10 2.32 3.7 
LFO2-E 40 18.66 0.47 3.08 6.1 
LFO2-F 387 331.80 0.86 16.10 20.6 
CWO1-A 365 288.41 0.79 20.82 13.9 
CWO1-B 236 319.50 1.35 20.81 15.4 
CWO1-C 234 345.40 1.48 52.75 6.5 
CWO2-A 173 30.00 0.17 0.42 71.2 
CWO2-B 128 19.27 0.15 2.03 9.5 
CWO2-C 774 230.10 0.30 3.52 65.4 
CWO2-D 71 23.20 0.33 5.29 4.4 
CWO2-E 236 93.42 0.40 6.68 14.0 
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Table 3. Mean hydraulic head values from tape down and transducer 
measurements in the piezometers obtained between July 8, 2015 to May 18, 2016. 
These values were used in Figure 13. 
Piezometer 
Mean Hydraulic 
Head Elevation 
(ft NAVD88) 
Mean Water 
Level (ft BLS) 
LFO1-B 1103.94 11.28 
LFO1-C 1102.99 12.46 
LFO1-D 1091.30 24.04 
LFO1-E 1079.50 35.65 
LFO1-F 1081.83 33.36 
LFO2-A 1128.00 11.45 
LFO2-B 1126.36 12.93 
LFO2-C 1123.98 15.74 
LFO2-D 1106.12 33.06 
LFO2-E 1077.43 62.21 
LFO2-F 1079.28 60.19 
CWO2-A 1304.66 27.62 
CWO2-B 1305.40 27.19 
CWO2-C 1306.54 25.79 
CWO2-D 1309.87 22.26 
CWO2-E 1309.46 22.98 
CWO1-A 1307.49 18.79 
CWO1-B 1311.53 14.76 
CWO1-C 1311.51 14.74 
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Table 4. Vertical hydraulic gradients between each piezometer at LFO1, LFO2, and CWO1/2. 
LFO1 i Direction 
B-C 0.03 Downward 
C-D 0.52 Downward 
D-E 0.59 Downward 
E-F 0.13 Upward 
LFO2 i Direction 
A-B 0.11 Downward 
B-C 0.10 Downward 
C-D 0.72 Downward 
D-E 0.98 Downward 
E-F 0.05 Upward 
CWO1/2 i Direction 
A2-B2 0.03 Upward 
B2-C2 0.05 Upward 
C2-D2 0.15 Upward 
D2-E2 0.02 Downward 
E2-A1 0.11 Downward 
A1-B1 0.05 Upward 
B1-C1 0.0002 Downward 
 
 
 
Table 5. Overall vertical hydraulic gradient at LFO1, LFO2 and CWO1/2. 
 
Site 
Name 
Overall                                 
i 
Direction 
LFO1 0.25 Downward 
LFO2 0.37 Downward 
CWO1/2 0.07 Upward 
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Table 6. Mean K values for each piezometer estimated by slug tests. Values were used in Figure 
13. Formation name and lithology each piezometer is screened in is given.  
Piezometer Mean K (ft/s) Lithology Formation 
Name 
LFO1-B 5E-04 silty to coarse sand New Ulm 
LFO1-C 2E-07 till New Ulm 
LFO1-D 4E-06 till New Ulm 
LFO1-E 1E-03 till/sand and gravel New Ulm 
LFO1-F 2E-03 sand and gravel New Ulm 
LFO2-A 1E-09 till New Ulm 
LFO2-B 7E-09 till New Ulm 
LFO2-C 2E-08 till New Ulm 
LFO2-D 1E-10 till New Ulm 
LFO2-E 2E-09 till New Ulm 
LFO2-F 1E-03 sand and gravel New Ulm 
CWO1-A 3E-06 till Cromwell 
CWO1-B 2E-04 sand and gravel Cromwell 
CWO1-C 5E-06 slate Thompson 
CWO2-A 2E-05 sand and gravel Cromwell 
CWO2-B 8E-07 till  Cromwell 
CWO2-C 1E-06 till Cromwell 
CWO2-D 1E-07 till Cromwell 
CWO2-E 4E-07 till Cromwell 
LFO1: New Ulm Till geometric mean K = 8E-07 ft/s   
LFO2: New Ulm Till geometric mean K = 2E-09 ft/s   
Cromwell Till geometric mean K = 7E-07 ft/s   
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Table 7. Hydraulic characteristics at sites LFO1 and LFO2 and estimated age in years, specific 
discharge, and vertical recharge through the till at each site.  
Site 
Name 
Overall                                 
i 
Till geometric
mean K (ft/s) 
x (ft) ne A (mi2) 
Max Age 
(years) 
q (in/yr) 
Q (106 
gallons/year) 
LFO1 0.25 8E-07 60 0.25 8 2 8* 1112 
LFO2 0.37 2E-9 115 0.25 8 1026 0.34 47 
*Value based on upper limit of groundwater recharge from Smith and Westenbroek (2013). 
  
  
  
 
 
 
 
 
 
Table 8. Environmental isotope analysis of groundwater. δ18O and δ2H analysis 
performed at Iowa State University in the SIPERG facility. Enriched 3H analysis 
performed at the University of Waterloo in the Environmental Isotope Laboratory 
(May 2016). Results were used to construct Figures 17, 18, 19, and 20. The 
uncertainty given for the isotopes is the uncertainty for this run of samples.  
Piezometer 
δ18O   
(±0.06‰) 
δ2H    
(±0.42‰) 
Enriched 3H                
(±0.8 T.U.) 
LFO1-B -9.83 -67.54 4.17 
LFO1-C -10.24 -71.27 6.28 
LFO1-D -10.25 -71.31 13.14 
LFO1-E -9.97 -69.38 16.08 
LFO1-F -9.50 -66.69 7.71 
LFO2-A -8.33 -56.81 5.26 
LFO2-B -9.63 -67.03 4.86 
LFO2-C -8.95 -60.68 <0.8 
LFO2-D -9.15 -62.49 <0.8 
LFO2-E -9.30 -63.83 <0.8 
LFO2-F -9.72 -67.59 <0.8 
CWO1-A -10.96 -76.27 <0.8 
CWO1-B -11.18 -78.38 5.89 
CWO1-C -10.62 -74.05 <0.8 
CWO2-A -11.61 -81.85 6.59 
CWO2-B -10.97 -76.48 <0.8 
CWO2-C -11.11 -77.75 <0.8 
CWO2-D -11.06 -77.36 <0.8 
CWO2-E -10.95 -76.13 <0.8 
 
93 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9. Environmental isotope analysis of groundwater. Analysis performed at 
Iowa State University in the SIPERG facility (July 2015). The uncertainty given 
for the isotopes is the uncertainty for this run of samples. 
 
Piezometer 
δ18O   
(±0.22‰) 
δ2H    
(±0.79‰) 
LFO1-B -10.19 -65.57 
LFO1-C -10.80 -70.73 
LFO1-D -10.81 -71.40 
LFO1-E -10.59 -69.45 
LFO1-F -10.15 -67.08 
LFO2-A -9.16 -59.17 
LFO2-B -10.24 -67.04 
LFO2-C -9.64 -61.49 
LFO2-D -9.82 -63.79 
LFO2-E -9.65 -64.07 
LFO2-F -10.12 -67.53 
CWO1-A -10.96 -75.69 
CWO1-B -11.45 -78.45 
CWO1-C -11.03 -74.58 
CWO2-A -9.75 -65.23 
CWO2-B -11.18 -76.43 
CWO2-C -10.85 -76.79 
CWO2-D -11.42 -77.47 
CWO2-E -10.81 -75.89 
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Table 10. Core sample environmental isotope results. Pore fluid extracted was performed at the 
USGS Water Science Center in San Diego. Isotope analysis was performed at Iowa State 
University in the SIPERG facility (July, 2015). LFO1 and LFO2 δ18O results were used in 
Figures 19 and 20. 
Core 
Sample 
Mean 
depth (ft) 
δ18O 
(±0.08‰) 
δ2H 
(±0.39‰) 
LFO1-1 66.25 -10.43 -70.25 
LFO1-2 67.25 -10.35 -69.99 
LFO1-3 82.25 -10.52 -70.32 
LFO1-4 106.75 -10.60 -70.98 
LFO1-5 109.25 -10.48 -70.68 
LFO1-6 120.25 -10.22 -68.54 
LFO2-1 13.75 -8.58 -55.67 
LFO2-2 28.75 -9.73 -64.50 
LFO2-3 38.75 -9.33 -61.54 
LFO2-5 48.75 -9.39 -61.66 
LFO2-9 68.75 -9.06 -59.97 
LFO2-11 88.75 -9.43 -61.60 
LFO2-16 113.75 -9.64 -63.11 
CWO1-1 65.50 -10.73 -77.14 
CWO1-2 67.00 -10.66 -77.81 
CWO1-3 82.00 -10.48 -77.43 
CWO1-4 106.50 -10.70 -77.28 
CWO1-5 109.00 -10.76 -77.64 
CWO1-6 120.00 -10.55 -77.17 
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Table 11. Chemical parameter analysis of groundwater. Analysis performed at the University of Minnesota in the Analytical 
Geochemistry Lab (July 2015). LFO1 results were used in Figure 21. 
 
 
 
 
 
 
 
Piezometer 
F           
(mg/L) 
C2H3O2    
(mg/L) 
HCO2              
(mg/L) 
Cl               
(mg/L) 
Br                    
(mg/L) 
NO2-N                    
(mg/L) 
NO3-N                 
(mg/L) 
SO4                        
(mg/L) 
S2O3               
(mg/L) 
P             
(mg/L) 
Cl/Br Mass 
Ratio 
LFO1-B 0.11 <0.02 <0.02 13.42 0.14 <0.004 <0.004 57.90 <0.02 <0.02 96.52 
LFO1-C 0.18 <0.02 <0.02 23.23 0.09 0.03 <0.004 112.50 <0.02 <0.02 258.07 
LFO1-D 0.16 <0.02 <0.02 22.98 0.09 <0.004 0.00 93.27 <0.02 <0.02 267.22 
LFO1-E 0.16 <0.02 <0.02 13.04 0.05 <0.004 0.01 78.26 <0.02 <0.02 241.44 
LFO1-F 0.19 <0.02 <0.02 47.07 0.14 <0.004 0.01 79.74 <0.02 <0.02 331.45 
LFO2-A 0.52 <0.02 <0.02 36.04 0.15 <0.004 0.21 132.65 <0.02 <0.02 238.67 
LFO2-B 0.36 <0.02 <0.02 30.86 0.11 <0.004 <0.004 189.37 <0.02 <0.02 270.67 
LFO2-C 0.41 <0.02 <0.02 22.57 0.11 <0.004 <0.004 136.09 <0.02 <0.02 205.15 
LFO2-D 0.46 <0.02 <0.02 20.90 0.10 <0.004 <0.004 166.26 <0.02 <0.02 213.31 
LFO2-E 0.49 <0.02 <0.02 18.07 0.11 <0.004 <0.004 197.15 <0.02 <0.02 170.44 
LFO2-F 0.35 <0.02 <0.02 13.88 0.05 0.01 0.46 46.91 <0.02 <0.02 289.08 
CWO1-A 0.19 <0.02 <0.02 3.69 0.02 <0.004 0.06 10.29 <0.02 0.05 230.38 
CWO1-B 0.17 <0.02 <0.02 1.74 0.02 <0.004 0.03 4.64 <0.02 <0.02 87.20 
CWO1-C 0.24 <0.02 <0.02 1.19 0.01 <0.004 0.12 0.82 <0.02 0.01 99.39 
CWO2-A 0.25 <0.02 <0.02 54.38 0.06 0.04 1.03 17.26 <0.02 <0.02 988.64 
CWO2-B 0.38 <0.02 <0.02 15.07 0.06 <0.004 <0.004 84.35 <0.02 <0.02 251.18 
CWO2-C 0.19 <0.02 <0.02 2.19 0.01 <0.004 <0.004 17.07 <0.02 <0.02 156.71 
CWO2-D 0.19 <0.02 <0.02 2.17 0.02 <0.004 <0.004 1.54 <0.02 <0.02 135.52 
CWO2-E 0.18 <0.02 <0.02 2.41 0.02 <0.004 <0.004 8.21 <0.02 0.06 141.84 
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Table 12. Chemical parameter analysis of groundwater. Analysis performed by the USGS. National Water Quality Lab. Results  
were used in Figures 21, 22, 23, and 24. 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
 
 
 
  
Piezometer 
Spec. 
Cond. (μS) 
Dissolved 
O2 (mg/L) 
pH 
Temp. 
(°C) 
CO3                 
mg/L 
HCO3                 
mg/L 
NH3-N                 
mg/L 
NO2                  
mg/L 
NO3+NO2              
mg/L 
P                   
mg/L 
Ca               
mg/L 
Mg                        
mg/L 
CWO2-A 540 *>.49  7.07 8.48 0.2 220.3 0.21 0.28 2.05 0.007 67.31 17.83 
CWO2-B *< 588  *> 0.32  7.95 10.61 2.8 255.5 0.35 < 0.001 < 0.01  0.089 46.41 16.14 
CWO2-C 380 0.19 7.76 9.76 1.2 226.8 0.23 < 0.001 < 0.01  0.081 52.80 16.61 
CWO2-D 360 0.24 7.95 9.33 1.2 214.4 0.23 < 0.001 < 0.01  0.041 50.38 16.13 
CWO2-E 543 0.24 7.84 8.25 1.2 242.7 0.20 < 0.001 < 0.01  0.064 61.76 21.28 
CWO1-A 386 0.22 8.04 7.86 1.6 232.2 0.41 < 0.001 0.03 0.123 51.84 18.66 
CWO1-B 319 0.21 7.31 8.11 0.4 186.5 0.32 < 0.001 0.01 0.070 43.82 13.01 
CWO1-C 375 0.17 7.58 8.07 1.0 229.7 0.59 < 0.001 < 0.01  0.064 45.27 18.41 
LFO2-A *>1074  *< 0.32  7.14 8.86 0.7 453.4 0.03 0.031 0.35 0.011 109.00 62.77 
LFO2-B *> 1024 *< 2.63  7.22 10.23 0.6 314.3 0.02 < 0.001 < 0.01  0.006 115.30 43.84 
LFO2-C 963 *< 1.84  7.29 9.54 0.7 364.5 0.42 0.005 0.030 0.008 103.60 30.73 
LFO2-D 979 *< 2.13  7.28 10.55 0.8 416.2 0.66 < 0.001 < 0.01  0.147 107.90 33.00 
LFO2-E 930 *< 3.91 7.44 10.64 1.1 418.0 0.47 < 0.001 < 0.01   < 0.003 75.71 23.70 
LFO2-F 549 0.18 7.37 8.88 0.5 256.7 0.67 < 0.001 < 0.01  0.1131 76.58 26.20 
*Piezometer was pumped dry before readings stabilized.                
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Table 12 continued. 
Piezometer 
Na                     
mg/L 
K                     
mg/L 
Cl               
mg/L 
Br             
mg/L 
SO4                           
mg/L 
F                        
mg/L 
SiO2          
mg/L 
Fe                 
ug/L 
Mn             
ug/L 
Alkalinity Cl/Br Mass 
Ratio 
CWO2-A 23.89 2.35 45.39 0.025 11.75 0.15 29.56 13.74 749.20 180.9 1845.08 
CWO2-B 61.76 1.51 9.91 0.042 55.29 0.25 25.49 267.10 128.80 214.3 238.70 
CWO2-C 16.99 1.57 4.93 0.016 10.24 0.18 26.22 533.20 148.90 188.0 300.73 
CWO2-D 5.89 2.02 1.31 < 0.01 0.33 0.17 25.57 336.30 256.10 177.9 130.90 
CWO2-E 45.92 2.10 9.44 0.049 76.75 0.19 26.47 608.80 178.50 201.2 192.59 
CWO1-A 7.84 0.87 2.60 < 0.01 2.96 0.15 23.48 76.58 69.95 193.1 260.00 
CWO1-B 6.96 1.37 1.56 0.01 0.63 0.14 25.09 1242.00 365.30 153.7 120.00 
CWO1-C 12.90 1.49 1.01 0.02 1.15 0.18 20.36 139.80 77.48 190.0 62.41 
LFO2-A 53.74 5.36 36.70 0.16 186.64 0.39 23.08 7.44 233.10 373.0 232.13 
LFO2-B 34.73 4.77 30.47 0.12 202.01 0.24 19.71 452.80 417.60 258.8 253.88 
LFO2-C 86.52 8.12 25.60 0.11 155.29 0.32 25.03 8.73 515.10 300.2 234.90 
LFO2-D 84.92 7.36 17.04 0.16 164.07 0.35 31.93 2060.00 414.40 342.7 108.69 
LFO2-E 128.70 7.99 11.42 0.07 133.14 0.38 21.77 12.94 111.80 344.7 170.96 
LFO2-F 9.91 3.50 13.53 0.05 48.10 0.22 29.41 2146.00 92.54 211.3 280.04 
 
98 
 
 
Table 13. Core sample chemical parameter analysis. Analysis performed at the University of 
Minnesota in the Analytical Geochemistry Lab (July 2015). Results were used in Figures 21, 22, 
23 and 24.   
Core 
Sample 
Mean 
depth (ft) 
Clarity Color pH 
Spec. 
Cond. 
(uS/cm) 
F           
(mg/L) 
HCO2              
(mg/L) 
Cl               
(mg/L) 
Br                    
(mg/L) 
LFO1-1 66.25 Good None 7.91 650 N/A 2.72 37.22 <0.004 
LFO1-2 67.25 Good None 7.94 1660 N/A 0.02 293.67 <0.004 
LFO1-3 82.25 Good None 7.97 670 N/A 5.01 44.83 <0.004 
LFO1-4 106.75 Good None 7.96 590 N/A 1.66 32.58 <0.004 
LFO1-5 109.25 Good None 7.94 610 N/A 2.26 34.78 <0.004 
LFO1-6 120.25 Good None 8.66 730 N/A 5.43 85.30 <0.004 
LFO2-1 13.75 Good None 7.51 920 0.52 2.45 43.45 <0.004 
LFO2-2 28.75 Fair None 7.37 690 0.39 0.97 36.14 <0.004 
LFO2-3 38.75 Good None 7.92 610 0.40 1.93 24.07 <0.004 
LFO2-5 48.75 Good None 8.06 590 0.39 3.15 27.25 <0.004 
LFO2-9 68.75 Good None 8.01 630 0.45 3.31 37.68 <0.004 
LFO2-11 88.75 Good None 7.95 680 0.42 2.95 28.15 <0.004 
LFO2-16 113.75 Good None 8.40 730 0.43 3.20 41.51 <0.004 
 
Core 
Sample 
Mean 
depth (ft) 
NO2-N                    
(mg/L) 
NO3-N                 
(mg/L) 
SO4                        
(mg/L) 
S2O3               
(mg/L) 
P             
(mg/L) 
Cl/Br 
Mass 
Ratio 
LFO1-1 66.25 0.08 1.99 87.61 1.29 0.07 444.87 
LFO1-2 67.25 0.22 5.38 217.03 0.25 0.03 1361.69 
LFO1-3 82.25 0.14 1.59 76.75 0.11 <0.02 328.80 
LFO1-4 106.75 0.09 1.10 77.89 0.25 <0.02 381.77 
LFO1-5 109.25 0.08 1.07 76.54 0.14 <0.02 447.86 
LFO1-6 120.25 0.58 1.66 122.77 4.11 <0.02 146.24 
LFO2-1 13.75 0.52 11.74 25.95 <0.02 <0.02 83.77 
LFO2-2 28.75 0.55 0.57 88.85 0.99 <0.02 65.23 
LFO2-3 38.75 0.19 1.11 53.33 1.71 <0.02 128.93 
LFO2-5 48.75 0.20 1.45 54.13 6.84 <0.02 136.24 
LFO2-9 68.75 0.32 1.85 48.43 2.21 <0.02 116.42 
LFO2-11 88.75 0.24 1.50 40.14 0.25 <0.02 115.85 
LFO2-16 113.75 0.41 1.51 70.74 3.71 <0.02 101.01 
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Figure A1: Water levels from July 8th to May 18th, 2016 taken by both e-tape and transducer at 
A) piezometer nest CWO1, B) piezometer nest CWO2, C) piezometer nest LFO1, and D) 
piezometer nest LFO2. 
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Table A1. Water levels taken in piezometers from August 4th, 2015 to May 19th, 2016 using an e-tape. 
 
 
 
Piezometer 8/4/2015 8/6/2015 8/7/2015 8/10/2015 8/12/2015 8/16/2015 9/25/2015 9/26/2015 9/27/2015 9/28/2015 9/29/2015 9/30/2015 10/3/2015
LFO1-B 1103.89 --- --- 1104.54 1104.28 --- --- 1103.9 --- --- 1103.84 1103.84 1103.82
LFO1-C 1102.83 --- --- --- --- --- --- 1102.88 --- --- 1102.96 1102.96 1102.94
LFO1-D 1087.57 --- --- --- --- --- --- 1089.83 --- --- 1089.84
LFO1-E 1075.27 --- --- 1078.74 --- 1078.99 --- 1079.73 --- --- 1078.82 1078.81 1079.21
LFO1-F 1075.12 --- --- 1078.59 --- 1078.85 --- 1080.16 1080.4 1078.95 1078.77 1078.71 1079.18
LFO2-A 1130.72 --- --- --- --- 1128.26 --- --- --- --- 1128.26 1127.96
LFO2-B 1126.51 --- --- 1126.91 --- 1126.83 1126.24 --- --- 1126.23 1126.09 1126.03 1125.95
LFO2-C 1123.95 --- --- --- --- 1123.44 --- --- --- --- --- 1123.31
LFO2-D --- --- --- --- --- --- 1102.91 --- --- --- --- --- ---
LFO2-E 1072.8 --- --- 1072.24 --- 1071.07 1077.92 --- --- --- --- 1077.97 1077.59
LFO2-F 1077.97 --- --- 1076.61 --- 1070.78 1074.89 1076.19 1079.64 1076.86 1075.57 1077.07 1078.83
CWO1-A --- 1305.97 --- --- 1306.33 --- --- --- 1306.64 --- 1306.57 --- ---
CWO1-B --- 1309.92 --- --- 1310.43 --- --- --- 1310.63 --- 1310.52 --- ---
CWO1-C --- 1309.91 --- --- 1310.42 1310.61 1310.5 1310.35 1310.02 1311.45 1310.67 1311.16 1312.77
CWO2-A --- --- 1303.65 --- 1303.72 --- --- 1303.79 1303.79 --- 1303.86 --- ---
CWO2-B --- --- 1304.69 --- 1304.75 --- --- 1304.94 1304.94 --- 1304.91 --- ---
CWO2-C --- --- 1305.86 --- 1305.90 --- --- 1306.05 --- --- 1306.14 --- ---
CWO2-D --- --- 1308.83 --- 1308.67 --- --- 1308.83 --- --- 1309.01 --- ---
CWO2-E --- --- 1308.67 --- 1308.51 --- --- 1308.67 --- --- 1308.83 --- ---
Water levels are given in ft NAVD88. 
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Table A1. (Continued) 
 
 
 
 
 
 
Piezometer 10/4/2015 10/5/2015 10/7/2015 10/8/2015 10/9/2015 10/10/2015 10/13/2015 10/14/2015 10/21/2015 10/22/2015 12/8/2015 12/9/2015 12/11/2015
LFO1-B 1103.84 --- 1103.8 1103.82 1103.78 1103.82 --- --- 1103.78 --- 1104.13 ---
LFO1-C --- 1102.93 1102.82 1102.85 1102.82 1102.91 --- --- 1102.9 --- 1103.31 ---
LFO1-D --- --- 1088.94 1088.76 1089.03 1089.91 --- --- 1090.3 --- 1091.25 ---
LFO1-E --- 1079.49 1078 1077.09 1077.77 1079.63 --- --- 1080.64 --- 1081.34 ---
LFO1-F --- 1079.49 1077.93 1077.02 1077.74 1079.54 --- --- 1080.55 --- 1081.26 ---
LFO2-A --- --- --- --- 1127.29 1127.54 1127.4 --- --- 1126.88 1129.58 1129.52 ---
LFO2-B --- --- --- --- 1125.73 1125.89 1125.69 --- --- 1125.54 1127.09 1127.05 ---
LFO2-C --- --- 1123.12 1123.12 1123.08 1123.08 1123.04 --- --- 1122.9 1124.25 1124.26 ---
LFO2-D --- --- --- --- --- --- --- --- --- --- 1105.62 --- ---
LFO2-E --- --- --- 1076.6 1076.59 1077.2 1078.17 --- --- 1078.68 1080.86 1080.61 ---
LFO2-F 1075.6 1077.52 1075.16 1074.29 1077.06 1077.85 1077.56 --- --- 1080.2 1078.91 1078.8 ---
CWO1-A --- --- --- --- --- --- --- 1306.47 1306.41 --- --- --- 1307.23
CWO1-B --- --- --- --- --- --- --- 1310.35 1310.04 --- --- --- 1311.37
CWO1-C 1312.61 1312.02 1312.7 1312.36 --- --- --- --- --- --- --- --- ---
CWO2-A --- --- --- --- --- --- --- 1303.91 1303.94 --- --- --- 1304.19
CWO2-B --- --- --- --- --- --- --- 1304.92 1304.89 --- --- --- 1305.38
CWO2-C --- --- --- --- --- --- --- 1306.08 1305.99 --- --- --- 1306.70
CWO2-D --- --- --- --- --- --- --- 1308.84 1308.66 --- --- --- 1309.61
CWO2-E --- --- --- --- --- --- --- 1308.68 1308.53 --- --- --- 1309.54
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Table A1. (Continued) 
 
 
 
 
Piezometer 1/13/2016 1/14/2016 4/25/2016 4/26/2016 4/27/2016 5/9/2016 5/10/2016 5/11/2016 5/12/2016 5/13/2016 5/19/2016
LFO1-B 1103.93 --- --- 1103.92 --- 1103.89 1104.19 --- --- --- ---
LFO1-C 1103.17 --- --- 1103.1 --- 1103.02 1103.28 --- --- --- ---
LFO1-D 1091.77 --- --- 1091.12 --- 1090.52 --- --- --- --- ---
LFO1-E 1082.85 --- --- 1081.66 --- 1080.17 1081.49 --- --- --- ---
LFO1-F 1082.62 --- --- 1081.67 --- 1079.87 1081.41 --- --- --- ---
LFO2-A 1128.57 --- 1128.36 --- --- --- 1127.36 1127.46 --- --- ---
LFO2-B 1126.72 --- 1126.69 --- --- --- 1126.55 1126.69 --- --- ---
LFO2-C 1124.17 --- 1123.99 --- --- --- 1123.74 1123.75 --- --- ---
LFO2-D --- --- 1106.21 --- --- --- --- --- --- --- ---
LFO2-E 1080.91 --- 1080.6 --- --- --- 1079.04 --- --- --- ---
LFO2-F 1081.88 --- 1077.72 --- --- --- 1080.03 1077.31 --- --- ---
CWO1-A --- 1307.13 --- --- 1308.47 --- --- --- 1308.41 1308.39 1308.21
CWO1-B --- 1311.2 --- --- 1312.81 --- --- --- 1312.66 1312.51 1312.42
CWO1-C --- --- --- --- --- --- --- --- --- --- ---
CWO2-A --- 1304.49 --- --- 1305.33 --- --- --- 1305.53 1305.54 1305.57
CWO2-B --- 1305.53 --- --- 1306.56 --- --- --- 1306.70 --- 1306.60
CWO2-C --- 1306.76 --- --- 1307.97 --- --- --- 1307.98 --- 1307.83
CWO2-D --- 1309.67 --- --- 1311.15 --- --- --- 1310.96 1310.91 1310.80
CWO2-E --- 1309.50 --- --- 1311.04 --- --- --- 1310.92 1310.76 1310.63
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Table A2. Daily mean water level elevations in piezometers outfitted with transducers. Levels recorded from January 9 th, 2015 to May 
18th, 2016. Water levels are given in ft. NAVD88. 
  
 
 
 
 
Peizometer 12/9/2015 12/10/2015 12/11/2015 12/12/2015 12/13/2015 12/14/2015 12/15/2015 12/16/2015 12/17/2015 12/18/2015 12/19/2015 12/20/2015 12/21/2015
LFO1-B --- 1104.17 1104.16 1104.15 1104.20 1104.20 1104.16 1104.22 1104.17 1104.15 1104.11 1104.11 1104.09
LFO1-D --- 1091.23 1091.02 1091.43 1091.71 1091.70 1091.15 1090.97 1090.36 1090.74 1091.32 1091.54 1091.56
LFO1-F --- 1081.42 1081.10 1082.15 1082.34 1081.90 1081.21 1080.64 1079.89 1081.10 1081.70 1082.18 1081.96
LFO2-A --- --- --- --- 1129.48 1129.56 1129.41 1129.56 1129.40 1129.32 1129.25 1129.43 1129.42
LFO2-C --- --- --- --- 1124.37 1124.38 1124.38 1124.41 1124.44 1124.44 1124.42 1124.43 1124.44
LFO2-D --- --- --- --- --- --- --- --- --- --- --- --- ---
LFO2-F 1078.91 1079.09 1078.55 1080.02 1080.09 1080.54 1080.04 1079.21 1078.20 1079.62 1080.12 1080.67 1080.33
CWO1-A --- --- --- 1307.18 1307.31 1307.35 1307.30 1307.40 1307.36 1307.32 1307.28 1307.38 1307.32
CWO1-B --- --- --- 1311.21 1311.40 1311.49 1311.38 1311.51 1311.54 1311.33 1311.34 1311.48 1311.34
CWO1-C --- --- --- 1311.19 1311.39 1311.48 1311.37 1311.49 1311.52 1311.32 1311.32 1311.47 1311.32
CWO2-A --- --- --- 1304.19 1304.22 1304.22 1304.23 1304.26 1304.24 1304.26 1304.28 1304.30 1304.30
CWO2-D --- --- --- 1309.65 1309.83 1309.90 1309.82 1309.93 1309.92 1309.82 1309.77 1309.92 1309.79
Peizometer 12/22/2015 12/23/2015 12/24/2015 12/25/2015 12/26/2015 12/27/2015 12/28/2015 12/29/2015 12/30/2015 12/31/2015 1/1/2016 1/2/2016 1/3/2016
LFO1-B 1104.11 1104.10 1104.03 1104.01 1104.03 1104.02 1104.06 1104.02 1104.01 1104.00 1104.01 1104.00 1103.96
LFO1-D 1091.51 1091.51 1091.60 1091.80 1091.98 1091.89 1091.91 1091.74 1091.66 1091.74 1091.95 1092.02 1092.00
LFO1-F 1082.00 1081.97 1082.33 1082.67 1082.80 1082.66 1082.61 1082.37 1082.26 1082.60 1082.79 1083.00 1082.79
LFO2-A 1129.53 1129.62 1129.38 1129.15 1129.05 1128.94 1129.06 1129.10 1129.02 1128.99 1129.00 1128.97 1128.80
LFO2-C 1124.45 1124.46 1124.47 1124.42 1124.39 1124.37 1124.36 1124.37 1124.36 1124.34 1124.33 1124.32 1124.30
LFO2-D --- --- --- --- --- --- --- --- --- --- --- --- ---
LFO2-F 1080.40 1080.07 1080.31 1080.59 1080.57 1080.53 1080.19 1080.01 1079.81 1080.41 1080.61 1080.91 1080.64
CWO1-A 1307.38 1307.43 1307.33 1307.27 1307.25 1307.27 1307.34 1307.35 1307.32 1307.32 1307.35 1307.33 1307.24
CWO1-B 1311.51 1311.55 1311.47 1311.34 1311.24 1311.28 1311.46 1311.39 1311.41 1311.42 1311.49 1311.37 1311.34
CWO1-C 1311.48 1311.55 1311.45 1311.32 1311.23 1311.27 1311.45 1311.38 1311.40 1311.40 1311.47 1311.36 1311.32
CWO2-A 1304.33 1304.34 1304.31 1304.33 1304.35 1304.36 1304.39 1304.39 1304.40 1304.41 1304.41 1304.42 1304.42
CWO2-D 1309.90 1309.98 1309.89 1309.78 1309.72 1309.76 1309.88 1309.88 1309.86 1309.86 1309.92 1309.86 1309.77
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Table A2. (Continued) 
 
 
   
 
 
Peizometer 1/4/2016 1/5/2016 1/6/2016 1/7/2016 1/8/2016 1/9/2016 1/10/2016 1/11/2016 1/12/2016 1/13/2016 1/14/2016 1/15/2016 1/16/2016
LFO1-B 1103.96 1103.98 1103.97 1103.97 1103.97 1103.95 1103.95 1103.95 1103.90 1103.94 1103.93 1103.88 1103.86
LFO1-D 1091.89 1091.83 1091.59 1091.54 1091.74 1091.73 1091.81 1091.79 1091.64 1091.65 1091.59 1091.59 1091.64
LFO1-F 1082.73 1082.41 1082.07 1082.24 1082.48 1082.49 1082.54 1082.46 1082.24 1082.23 1082.11 1082.28 1082.44
LFO2-A 1128.70 1128.79 1128.80 1128.79 1128.77 1128.60 1128.55 1128.61 1128.47 1128.56 1128.64 1128.50 1128.30
LFO2-C 1124.27 1124.27 1124.27 1124.26 1124.25 1124.24 1124.22 1124.22 1124.21 1124.19 1124.20 1124.18 1124.17
LFO2-D --- --- --- --- --- --- --- --- --- --- --- 1106.15 1106.14
LFO2-F 1080.46 1079.95 1079.69 1080.03 1080.38 1080.28 1080.05 1080.12 1079.86 1079.79 1079.68 1080.05 1080.36
CWO1-A 1307.21 1307.28 1307.17 1307.27 1307.29 1307.17 1307.21 1307.19 1307.10 1307.14 1307.15 1307.11 1307.09
CWO1-B 1311.21 1311.30 1311.00 1311.37 1311.26 1311.13 1311.18 1311.07 1311.04 1311.02 1311.03 1311.03 1311.05
CWO1-C 1311.18 1311.29 1310.99 1311.35 1311.26 1311.11 1311.16 1311.05 1311.02 1310.98 1311.00 1311.01 1311.02
CWO2-A 1304.43 1304.44 1304.45 1304.46 1304.46 1304.45 1304.47 1304.47 1304.46 1304.49 1304.49 1304.48 1304.48
CWO2-D 1309.69 1309.78 1309.56 1309.82 1309.80 1309.62 1309.69 1309.62 1309.56 1309.57 1309.57 1309.57 1309.57
Peizometer 1/17/2016 1/18/2016 1/19/2016 1/20/2016 1/21/2016 1/22/2016 1/23/2016 1/24/2016 1/25/2016 1/26/2016 1/27/2016 1/28/2016 1/29/2016
LFO1-B 1103.84 1103.83 1103.83 1103.83 1103.80 1103.81 1103.85 1103.83 1103.82 1103.79 1103.85 1103.81 1103.84
LFO1-D 1091.76 1091.67 1091.51 1091.47 1091.44 1091.35 1091.48 1091.55 1091.43 1091.27 1091.28 1091.23 1091.31
LFO1-F 1082.53 1082.29 1081.95 1081.97 1081.99 1081.83 1082.11 1082.17 1081.80 1081.67 1081.62 1081.54 1081.80
LFO2-A 1128.16 1128.06 1128.00 1128.05 1127.93 1127.86 1128.00 1128.06 1128.03 1127.87 1127.93 1127.90 1127.94
LFO2-C 1124.15 1124.11 1124.06 1123.93 1123.89 1123.90 1123.95 1123.93 1123.91 1123.91 1123.92 1123.89 1123.90
LFO2-D 1106.15 1106.15 1106.15 1106.16 1106.15 1106.15 1106.16 1106.18 1106.18 1106.17 1106.19 1106.19 1106.20
LFO2-F 1080.28 1079.88 1080.08 1080.26 1080.48 1080.19 1080.68 1080.62 1080.07 1080.02 1079.89 1079.90 1080.28
CWO1-A 1307.08 1307.03 1307.03 1307.07 1307.01 1307.03 1307.12 1307.13 1307.11 1307.03 1307.11 1307.04 1307.09
CWO1-B 1311.01 1310.93 1310.91 1310.98 1310.91 1311.00 1311.10 1311.20 1311.10 1310.98 1311.15 1310.94 1311.09
CWO1-C 1310.98 1310.89 1310.88 1310.93 1310.86 1310.95 1311.04 1311.15 1311.05 1310.92 1311.09 1310.88 1311.05
CWO2-A 1304.48 1304.47 1304.48 1304.48 1304.47 1304.47 1304.50 1304.48 1304.49 1304.47 1304.50 1304.47 1304.49
CWO2-D 1309.56 1309.47 1309.48 1309.54 1309.46 1309.53 1309.62 1309.69 1309.63 1309.54 1309.64 1309.51 1309.61
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Table A2. (Continued) 
 
 
 
 
 
Peizometer 1/30/2016 1/31/2016 2/1/2016 2/2/2016 2/3/2016 2/4/2016 2/5/2016 2/6/2016 2/7/2016 2/8/2016 2/9/2016 2/10/2016 2/11/2016
LFO1-B 1103.83 1103.81 1103.79 1103.82 1103.80 1103.78 1103.78 1103.81 1103.80 1103.78 1103.76 1103.75 1103.73
LFO1-D 1091.43 1091.55 1091.38 1091.32 1091.37 1091.41 1091.40 1091.51 1091.56 1091.57 1091.47 1091.44 1091.38
LFO1-F 1082.04 1082.10 1081.79 1081.69 1081.96 1081.90 1081.87 1082.10 1082.18 1082.11 1082.06 1081.89 1081.84
LFO2-A 1127.95 1127.84 1127.64 1127.60 1127.58 1127.47 1127.38 1127.47 1127.57 1127.43 1127.34 1127.30 1127.22
LFO2-C 1123.90 1123.87 1123.85 1123.85 1123.87 1123.87 1123.84 1123.79 1123.78 1123.82 1123.87 1123.84 1123.77
LFO2-D 1106.21 1106.22 1106.20 1106.21 1106.21 1106.21 1106.20 1106.22 1106.23 1106.22 1106.22 1106.22 1106.21
LFO2-F 1080.60 1080.50 1080.14 1080.10 1079.80 1079.53 1079.48 1080.00 1079.87 1079.72 1079.88 1079.55 1079.34
CWO1-A 1307.09 1307.05 1306.98 1306.99 1307.00 1306.95 1306.92 1307.00 1307.04 1306.96 1306.91 1306.85 1306.82
CWO1-B 1311.12 1311.01 1310.90 1310.94 1310.95 1310.81 1310.79 1310.97 1311.03 1310.91 1310.84 1310.61 1310.64
CWO1-C 1311.06 1310.96 1310.85 1310.88 1310.88 1310.76 1310.74 1310.92 1310.97 1310.85 1310.78 1310.56 1310.57
CWO2-A 1304.48 1304.47 1304.46 1304.47 1304.47 1304.46 1304.45 1304.47 1304.47 1304.45 1304.44 1304.43 1304.42
CWO2-D 1309.61 1309.56 1309.47 1309.47 1309.47 1309.40 1309.36 1309.51 1309.54 1309.46 1309.39 1309.25 1309.21
Peizometer 2/12/2016 2/13/2016 2/14/2016 2/15/2016 2/16/2016 2/17/2016 2/18/2016 2/19/2016 2/20/2016 2/21/2016 2/22/2016 2/23/2016 2/24/2016
LFO1-B 1103.70 1103.71 1103.75 1103.73 1103.69 1103.70 1103.76 1103.91 1103.95 1103.92 1103.93 1103.92 1103.92
LFO1-D 1091.26 1091.38 1091.50 1091.51 1091.39 1091.26 1091.23 1091.31 1091.43 1091.50 1091.43 1091.25 1091.20
LFO1-F 1081.73 1081.93 1082.09 1081.99 1081.84 1081.65 1081.53 1081.74 1081.94 1081.93 1081.72 1081.39 1081.30
LFO2-A 1127.11 1127.07 1127.27 1127.36 1127.25 1127.10 1127.23 1127.37 1127.13 1127.00 1127.05 1127.14 1127.18
LFO2-C 1123.71 1123.76 1123.60 1123.49 1123.50 1123.56 1123.55 1123.53 1123.55 1123.61 1123.68 1123.74 1123.78
LFO2-D 1106.20 1106.19 1106.21 1106.21 1106.19 1106.18 1106.19 1106.20 1106.17 1106.14 1106.13 1106.12 1106.11
LFO2-F 1079.32 1079.64 1079.84 1079.53 1079.23 1079.06 1078.93 1079.36 1079.83 1079.70 1079.74 1079.61 1079.52
CWO1-A 1306.77 1306.75 1306.87 1306.89 1306.85 1306.80 1306.87 1306.92 1306.80 1306.83 1306.86 1306.86 1306.85
CWO1-B 1310.50 1310.50 1310.76 1310.76 1310.76 1310.67 1310.81 1310.80 1310.70 1310.81 1310.70 1310.77 1310.72
CWO1-C 1310.44 1310.43 1310.69 1310.69 1310.68 1310.58 1310.72 1310.72 1310.61 1310.71 1310.62 1310.68 1310.62
CWO2-A 1304.40 1304.40 1304.42 1304.42 1304.39 1304.38 1304.40 1304.41 1304.37 1304.36 1304.37 1304.37 1304.37
CWO2-D 1309.15 1309.13 1309.31 1309.35 1309.34 1309.25 1309.36 1309.40 1309.27 1309.34 1309.31 1309.32 1309.29
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Table A2. (Continued) 
 
 
 
 
 
Peizometer 2/25/2016 2/26/2016 2/27/2016 2/28/2016 2/29/2016 3/1/2016 3/2/2016 3/3/2016 3/4/2016 3/5/2016 3/6/2016 3/7/2016 3/8/2016
LFO1-B 1103.88 1103.91 1103.94 1103.92 1103.89 1103.88 1103.87 1103.84 1103.85 1103.82 1103.88 1103.88 1103.92
LFO1-D 1091.07 1091.18 1091.32 1091.44 1091.39 1091.22 1091.15 1091.20 1091.17 1091.30 1091.47 1091.33 1091.24
LFO1-F 1081.28 1081.41 1081.71 1081.89 1081.60 1081.47 1081.29 1081.39 1081.57 1081.56 1081.95 1081.53 1081.30
LFO2-A 1127.14 1127.23 1127.46 1127.50 1127.37 1127.28 1127.33 1127.30 1127.34 1127.28 1127.45 1127.51 1127.49
LFO2-C 1123.82 1123.84 1123.86 1123.87 1123.87 1123.87 1123.88 1123.86 1123.83 1123.81 1123.79 1123.80 1123.80
LFO2-D 1106.09 1106.08 1106.09 1106.09 1106.07 1106.06 1106.06 1106.05 1106.06 1106.06 1106.07 1106.08 1106.09
LFO2-F 1079.67 1079.81 1080.04 1080.39 1079.90 1079.90 1079.58 1079.72 1080.13 1079.98 1080.35 1079.88 1079.57
CWO1-A 1306.82 1306.85 1306.92 1306.91 1306.85 1306.84 1306.85 1306.81 1306.83 1306.80 1306.87 1306.86 1306.94
CWO1-B 1310.68 1310.72 1310.86 1310.88 1310.74 1310.76 1310.68 1310.64 1310.72 1310.65 1310.79 1310.74 1310.78
CWO1-C 1310.60 1310.64 1310.77 1310.80 1310.65 1310.67 1310.61 1310.55 1310.62 1310.56 1310.70 1310.64 1310.69
CWO2-A 1304.35 1304.37 1304.38 1304.36 1304.34 1304.34 1304.34 1304.33 1304.33 1304.32 1304.35 1304.35 1304.37
CWO2-D 1309.28 1309.30 1309.40 1309.43 1309.31 1309.29 1309.30 1309.23 1309.28 1309.25 1309.35 1309.29 1309.35
Peizometer 3/9/2016 3/10/2016 3/11/2016 3/12/2016 3/13/2016 3/14/2016 3/15/2016 3/16/2016 3/17/2016 3/18/2016 3/19/2016 3/20/2016 3/21/2016
LFO1-B 1103.92 1103.92 1103.93 1103.95 1104.04 1104.08 1104.09 1104.09 1104.06 1104.03 1104.02 1104.01 1104.04
LFO1-D 1091.11 1091.08 1091.10 1091.20 1091.34 1091.47 1091.32 1091.34 1091.34 1091.21 1091.37 1091.49 1091.54
LFO1-F 1081.34 1081.19 1081.04 1081.58 1081.63 1081.54 1081.58 1081.47 1081.34 1081.48 1081.62 1081.81 1081.71
LFO2-A 1127.32 1127.18 1127.18 1127.25 1127.34 1127.41 1127.44 1127.42 1127.34 1127.22 1127.15 1127.15 1127.34
LFO2-C 1123.80 1123.79 1123.78 1123.79 1123.82 1123.87 1123.91 1123.95 1123.98 1123.99 1123.99 1123.99 1124.01
LFO2-D 1106.08 1106.07 1106.07 1106.08 1106.09 1106.10 1106.11 1106.11 1106.11 1106.10 1106.09 1106.09 1106.11
LFO2-F 1079.66 1079.54 1079.26 1080.00 1080.18 1079.79 1080.04 1079.76 1079.64 1079.90 1080.16 1080.23 1079.99
CWO1-A 1306.90 1307.05 1307.21 1307.30 1307.38 1307.43 1307.48 1307.66 1307.69 1307.71 1307.62 1307.78 1307.94
CWO1-B 1310.46 1310.96 1311.13 1311.30 1311.40 1311.45 1311.54 1311.72 1311.70 1311.71 1311.12 1311.81 1312.00
CWO1-C 1310.39 1310.88 1311.05 1311.22 1311.34 1311.39 1311.49 1311.68 1311.67 1311.66 1311.09 1311.76 1311.96
CWO2-A 1304.38 1304.40 1304.44 1304.46 1304.49 1304.50 1304.52 1304.54 1304.54 1304.57 1304.61 1304.65 1304.70
CWO2-D 1309.13 1309.47 1309.64 1309.77 1309.86 1309.91 1309.97 1310.16 1310.16 1310.15 1309.77 1310.21 1310.40
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Table A2. (Continued) 
 
 
 
 
 
Peizometer 3/22/2016 3/23/2016 3/24/2016 3/25/2016 3/26/2016 3/27/2016 3/28/2016 3/29/2016 3/30/2016 3/31/2016 4/1/2016 4/2/2016 4/3/2016
LFO1-B 1104.01 1103.97 1103.97 1103.96 1103.98 1104.04 1104.03 1104.03 1104.12 1104.11 1104.09 1104.07 1104.07
LFO1-D 1091.37 1091.25 1091.35 1091.33 1091.48 1091.59 1091.55 1091.51 1091.59 1091.61 1091.51 1091.56 1091.69
LFO1-F 1081.59 1081.48 1081.52 1081.71 1081.86 1082.01 1081.77 1081.83 1081.95 1081.88 1081.80 1081.94 1082.12
LFO2-A 1127.51 1127.42 1127.46 1127.51 1127.47 1127.49 1127.49 1127.54 1127.74 1127.84 1127.74 1127.75 1127.87
LFO2-C 1124.04 1124.05 1124.05 1124.05 1124.04 1124.05 1124.05 1124.06 1124.10 1124.15 1124.17 1124.18 1124.19
LFO2-D 1106.12 1106.12 1106.12 1106.13 1106.13 1106.14 1106.15 1106.15 1106.17 1106.18 1106.18 1106.18 1106.19
LFO2-F 1079.94 1079.38 1078.94 1079.45 1079.63 1079.83 1079.27 1079.29 1079.75 1079.39 1079.36 1079.61 1079.95
CWO1-A 1308.01 1307.96 1308.00 1308.03 1308.02 1308.06 1308.07 1308.06 1308.15 1308.19 1308.15 1308.15 1308.17
CWO1-B 1312.10 1311.98 1312.05 1312.10 1312.07 1312.13 1312.11 1312.08 1312.19 1312.26 1312.23 1312.18 1312.23
CWO1-C 1312.07 1311.95 1312.03 1312.07 1312.04 1312.11 1312.08 1312.06 1312.18 1312.23 1312.20 1312.14 1312.20
CWO2-A 1304.71 1304.74 1304.78 1304.80 1304.82 1304.85 1304.87 1304.91 1304.94 1304.94 1304.97 1304.98 1305.01
CWO2-D 1310.50 1310.42 1310.46 1310.51 1310.50 1310.54 1310.54 1310.51 1310.61 1310.66 1310.63 1310.60 1310.65
Peizometer 4/4/2016 4/5/2016 4/6/2016 4/7/2016 4/8/2016 4/9/2016 4/10/2016 4/11/2016 4/12/2016 4/13/2016 4/14/2016 4/15/2016 4/16/2016
LFO1-B 1103.99 1104.05 1104.00 1103.97 1103.95 1103.98 1103.94 1103.87 1103.88 1103.87 1103.86 1103.84 1103.81
LFO1-D 1091.55 1091.54 1091.56 1091.52 1091.46 1091.59 1091.74 1091.59 1091.50 1091.42 1091.16 1091.12 1091.11
LFO1-F 1081.86 1081.96 1081.86 1081.96 1081.77 1082.17 1082.23 1082.08 1081.90 1081.68 1081.32 1081.26 1081.32
LFO2-A 1127.66 1127.78 1127.98 1127.97 1127.92 1127.98 1128.21 1128.08 1128.04 1128.17 1128.24 1128.24 1128.19
LFO2-C 1124.18 1124.17 1124.18 1124.18 1124.16 1124.14 1124.14 1124.13 1124.10 1124.08 1124.07 1124.05 1124.03
LFO2-D 1106.17 1106.18 1106.20 1106.19 1106.19 1106.20 1106.21 1106.20 1106.19 1106.20 1106.20 1106.20 1106.19
LFO2-F 1079.33 1079.72 1079.32 1079.68 1079.36 1080.06 1079.96 1079.79 1079.38 1079.87 1079.68 1079.61 1079.62
CWO1-A 1308.07 1308.12 1308.21 1308.16 1308.12 1308.16 1308.25 1308.13 1308.09 1308.11 1308.14 1307.70 1308.24
CWO1-B 1312.03 1312.09 1312.26 1312.14 1312.11 1312.16 1312.34 1312.18 1312.03 1312.10 1312.12 1311.06 1312.61
CWO1-C 1312.01 1312.06 1312.25 1312.12 1312.07 1312.14 1312.32 1312.15 1312.01 1312.08 1312.10 1311.03 1312.59
CWO2-A 1305.01 1305.07 1305.07 1305.08 1305.09 1305.14 1305.16 1305.15 1305.17 1305.19 1305.21 1305.21 1305.21
CWO2-D 1310.49 1310.54 1310.69 1310.60 1310.55 1310.61 1310.76 1310.62 1310.53 1310.57 1310.61 1309.71 1310.95
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Table A2. (Continued) 
  
  
 
 
 
Peizometer 4/17/2016 4/18/2016 4/19/2016 4/20/2016 4/21/2016 4/22/2016 4/23/2016 4/24/2016 4/25/2016 4/26/2016 4/27/2016 4/28/2016 4/29/2016
LFO1-B 1103.80 1103.80 1103.82 1103.83 1103.87 1103.84 1103.85 1103.86 1103.96 --- --- --- ---
LFO1-D 1091.14 1090.97 1090.98 1091.00 1091.02 1091.02 1091.11 1091.26 1091.17 --- --- --- ---
LFO1-F 1081.36 1081.13 1081.17 1081.01 1081.09 1081.20 1081.52 1081.58 1081.10 --- --- --- ---
LFO2-A 1128.13 1128.13 1128.13 1128.22 1128.27 1128.14 1128.18 1128.29 --- --- --- --- ---
LFO2-C 1124.00 1123.98 1123.97 1123.96 1123.97 1123.96 1123.95 1123.96 --- --- --- --- ---
LFO2-D 1106.18 1106.18 1106.18 1106.18 1106.19 1106.18 1106.19 1106.20 --- --- --- --- ---
LFO2-F 1079.73 1079.58 1079.56 1079.17 1079.39 1079.66 1080.09 1080.07 --- --- --- --- ---
CWO1-A 1308.30 1308.29 1308.32 1308.31 1308.32 1308.26 1308.30 1308.38 1308.47 1308.44 1308.54 1308.52 1308.54
CWO1-B 1312.74 1312.65 1312.68 1312.69 1312.72 1312.62 1312.71 1312.82 1312.84 1312.75 1312.88 1312.86 1312.88
CWO1-C 1312.70 1312.63 1312.66 1312.65 1312.69 1312.59 1312.69 1312.80 1312.81 1312.71 1312.85 1312.86 1312.85
CWO2-A 1305.22 1305.24 1305.25 1305.27 1305.27 1305.27 1305.29 1305.31 1305.31 1305.31 1305.34 1305.34 1305.35
CWO2-D 1311.04 1311.00 1311.03 1311.00 1311.05 1310.97 1311.04 1311.14 1311.17 1311.09 --- --- ---
Peizometer 4/30/2016 5/1/2016 5/2/2016 5/3/2016 5/4/2016 5/5/2016 5/6/2016 5/7/2016 5/8/2016 5/9/2016 5/10/2016 5/11/2016 5/12/2016
LFO1-B --- --- --- --- --- --- --- --- --- --- --- --- ---
LFO1-D --- --- --- --- --- --- --- --- --- --- --- --- ---
LFO1-F --- --- --- --- --- --- --- --- --- --- --- --- ---
LFO2-A --- --- --- --- --- --- --- --- --- --- --- --- ---
LFO2-C --- --- --- --- --- --- --- --- --- --- --- --- ---
LFO2-D --- --- --- --- --- --- --- --- --- --- --- --- ---
LFO2-F --- --- --- --- --- --- --- --- --- --- --- --- ---
CWO1-A 1308.56 1308.58 1308.57 1308.61 1308.38 1308.41 1308.50 1308.47 1308.44 1308.39 1308.39 1308.36 1308.35
CWO1-B 1312.93 1312.92 1312.89 1312.99 1312.26 1312.72 1312.72 1312.76 1312.65 1312.61 1312.68 1312.53 1312.58
CWO1-C 1312.91 1312.89 1312.87 1312.96 1312.25 1312.68 1312.72 1312.74 1312.64 1312.58 1312.67 1312.51 1312.50
CWO2-A 1305.37 1305.39 1305.41 1305.43 1305.44 1305.47 1305.47 1305.48 1305.50 1305.51 1305.51 1305.53 1305.53
CWO2-D --- --- --- --- --- --- --- --- --- --- --- --- ---
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Table A2. (Continued) 
 
 
 
Peizometer 5/13/2016 5/14/2016 5/15/2016 5/16/2016 5/17/2016 5/18/2016
LFO1-B --- --- --- --- --- ---
LFO1-D --- --- --- --- --- ---
LFO1-F --- --- --- --- --- ---
LFO2-A --- --- --- --- --- ---
LFO2-C --- --- --- --- --- ---
LFO2-D --- --- --- --- --- ---
LFO2-F --- --- --- --- --- ---
CWO1-A --- --- --- --- --- ---
CWO1-B 1312.63 1312.58 1312.55 1312.41 1312.32 1312.38
CWO1-C 1312.60 1312.56 1312.53 1312.38 1312.31 1312.35
CWO2-A --- --- --- --- --- ---
CWO2-D --- --- --- --- --- ---
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Table B1. Hydraulic conductivity values estimated from each  
falling and rising-head slug test conducted in piezometers.  
 
 
 
 
 
Falling-
head 
Rising-head 
LFO1-B 1 5.58E-04 6.92E-04
LFO1-B 2 7.87E-04 3.38E-04
LFO1-B 3 3.84E-04 4.92E-04
LFO1-C 1 1.88E-07 1.74E-07
LFO1-D 1 2.92E-06 4.92E-06
LFO1-E 1 1.48E-03 1.60E-03
LFO1-E 2 1.19E-03 1.18E-03
LFO1-E 3 1.24E-03 6.56E-04
LFO1-F 1 2.02E-03 1.74E-03
LFO1-F 2 1.75E-03 1.44E-03
LFO2-A 1 2.66E-09 2.50E-10
LFO2-B 1 1.19E-08 2.41E-09
LFO2-C 1 1.55E-08 1.55E-08
LFO2-D 1 1.42E-10 ---
LFO2-E 1 3.23E-09 1.26E-09
LFO2-F 1 1.52E-03 1.27E-03
LFO2-F 2 1.65E-03 1.77E-03
LFO2-F 3 1.37E-03 1.42E-03
CWO1-A 1 3.03E-06 3.64E-06
CWO1-B 1 1.52E-04 1.56E-04
CWO1-B 2 1.40E-04 1.90E-04
CWO1-B 3 1.69E-04 1.44E-04
CWO1-C 1 7.15E-06 3.44E-06
CWO1-C 2 3.87E-06 2.87E-06
CWO1-C 3 6.36E-06 4.04E-06
CWO2-A 1 1.64E-05 2.19E-05
CWO2-A 2 1.69E-05 2.40E-05
CWO2-A 3 2.38E-05 3.54E-05
CWO2-B 1 8.46E-07 7.15E-07
CWO2-C 1 1.18E-06 1.42E-06
CWO2-D 1 1.58E-07 7.12E-08
CWO2-E 1 4.13E-07 4.23E-07
Piezometer                    
name
Slug test 
number
Hydraulic conductivity (ft s
-1
)
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Figure C1. Construction and lithology diagram for piezometer nest LFO1. 
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Figure C2. Construction and lithology diagram for piezometer nest LFO2. 
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Figure C3. Construction and lithology diagram for piezometer nest CWO1. 
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Figure C4. Construction and lithology diagram for piezometer nest CWO2. 
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Table D1. Results of the test runs for the vacuum extraction method to analyze for stable 
isotope.  
Extraction 
Time (min) 
δ18O (%) 
VSMOW 
δD (%) 
VSMOW 
30 -9.49 -53.89 
30 -9.20 -56.98 
30 -8.73 -54.62 
40 -7.85 -48.89 
40 -8.23 -50.22 
40 -8.47 -51.84 
50 -7.56 -48.02 
50 -7.76 -48.30 
50 -8.27 -49.53 
60 -7.90 -48.54 
60 -7.96 -48.83 
60 -6.92 -43.24 
70 -8.23 -50.91 
70 -8.09 -49.70 
70 -8.05 -49.59 
80 -8.02 -49.80 
80 -8.28 -50.20 
80 -8.20 -50.08 
90 -7.94 -49.62 
90 -7.96 -48.92 
90 -7.96 -49.20 
ISU Tap Water -7.60 -46.16 
ISU Tap Water -7.59 -46.16 
ISU Tap Water -7.61 -46.12 
ISU Tap Water -7.60 -46.18 
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Table D2. Results of isotope analysis on precipitation samples collected in 
Cromwell and Litchfield by Lori Wester and Ryan Kadow. Samples are 
labeled with the first initial of the location collected followed by collection 
date.  
Sample ID 
δ18O (%) 
VSMOW 
δD (%) 
VSMOW 
C-8-6-15 -7.00 -44.76 
C-8-8-15 -7.04 -44.89 
C-8-18-15 -12.28 -87.15 
C-8-19-15 -11.54 -78.57 
C-9-5-15 -4.13 -19.57 
C-9-6-15 -4.05 -19.18 
C-9-21-15 -11.65 -84.05 
C-9-24-15 -7.36 -45.95 
C-10-18-15 -11.05 -74.50 
C-10-26-15 -8.92 -62.06 
C-10-29-15 -20.99 -157.60 
C-11-10-15 -8.41 -50.15 
C-4-6-16 -8.67 -64.76 
C-4-24-16 -12.79 -89.72 
L-8-16-15 -2.22 -10.51 
L-8-18-15 -9.96 -68.76 
L-9-8-15 -2.44 -13.39 
L-9-9-15 -2.38 -17.81 
L-9-10-15 -8.10 -54.02 
L-9-11-15 -3.49 -15.09 
L-9-25-15 -5.89 -33.70 
L-UNKNOWN -5.59 -38.97 
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Table D3. Stable isotope results of groundwater sample             
collected from piezometers on June, 17th 2015. 
Piezometer 
δ18O (%) 
VSMOW 
δD (%) 
VSMOW 
CWO1-A -10.96 -76.27 
CWO1-B -11.18 -78.38 
CWO1-C -10.62 -74.05 
CWO2-A -11.61 -81.85 
CWO2-B -10.97 -76.48 
CWO2-C -11.11 -77.75 
CWO2-D -11.06 -77.36 
CWO2-E -10.95 -76.13 
LFO1-B -9.83 -67.54 
LFO1-C -10.24 -71.27 
LFO1-D -10.25 -71.31 
LFO1-E -9.97 -69.38 
LFO1-F -9.50 -66.69 
LFO2-A -8.33 -56.81 
LFO2-B -9.63 -67.03 
LFO2-C -8.95 -60.68 
LFO2-D -9.15 -62.49 
LFO2-E -9.30 -63.83 
LFO2-F -9.72 -67.59 
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Table D4. Stable isotope results of groundwater samples             
collected from piezometers on August, 24th 2016. 
Piezometer 
δ18O (%) 
VSMOW 
δD (%) 
VSMOW 
CWO1-A -10.96 -75.69 
CWO1-B -11.45 -78.45 
CWO1-C -11.03 -74.58 
CWO2-A -9.75 -65.23 
CWO2-B -11.18 -76.43 
CWO2-C -10.85 -76.79 
CWO2-D -11.42 -77.47 
CWO2-E -10.81 -75.89 
LFO1-B -10.19 -65.57 
LFO1-C -10.80 -70.73 
LFO1-D -10.81 -71.40 
LFO1-E -10.59 -69.45 
LFO1-F -10.15 -67.08 
LFO2-A -9.16 -59.17 
LFO2-B -10.24 -67.04 
LFO2-C -9.64 -61.49 
LFO2-D -9.82 -63.79 
LFO2-E -9.65 -64.07 
LFO2-F -10.12 -67.53 
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APPENDIX E 
MGS CORE DESCRIPTIONS 
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Figure F2. MGS core descriptions for the LFO1 continuous 
core.  
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Figure F2 continued.  
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Figure F2 continued.  
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Figure F2 continued.  
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Figure F2 continued.  
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Figure F2 continued.  
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Figure F3. MGS core descriptions for the LFO2 continuous core.  
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Figure F3 continued.  
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Figure F3 continued.  
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Figure F3 continued.  
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Figure F3 continued.  
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Figure F3 continued.  
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Figure F3 continued.  
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Figure F3 continued.  
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Figure F4. MGS core descriptions for the CWO2 continuous core.  
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Figure F4 continued.  
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Figure F4 continued.  
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Figure F4 continued.  
143 
 
 
 
  
Figure F4 continued.  
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Figure F4 continued.  
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Figure F4 continued.  
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Figure F4 continued.  
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APPENDIX F 
MGS BOREHOLE GEOPHYSICAL LOGS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
148 
 
 
 
 
  
    Figure G1. Gamma log of CWO1-A.  
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Figure G2. Gamma log of CWO1-B.  
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Figure G2 continued.  
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EM Induction Log – CWO1C  
  
  
Figure G3. Gamma log of CWO1-C.  
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Figure G3. Continued.  
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Figure G4. Gamma log of LFO1-F.  
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Figure G5. Gamma log of LFO2-F.  
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Figure G5 continued.  
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APPENDIX G 
MANN-WHITNEY U-TEST 
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Ta = Sum of ranks for one of the samples 
na  = Sample size for the sample for which you computed the total ranks 
nb = Sample size of other sample 
The U value used to compare to the critical U value (obtained from the table) would be the 
smaller of 𝑈𝑎 and 𝑈𝑏  
𝑈𝑎 = (𝑛𝑎 × 𝑛𝑏) +
𝑛𝑎 × (𝑛𝑎 + 1)
2
− 𝑇𝑎 
𝑈𝑏 = (𝑛𝑎 + 𝑛𝑏) − 𝑈𝑎  
 
If the obtained U value is larger than the critical U value, then retain H0 
If the obtained U value is smaller than the critical U value, then reject H0 
H0: K values obtained from piezometers screened in the till are not significantly different from 
one nest to another.  
Table 1H. Results from the Mann-Whitney test for each combination of piezometer nests.  
Test Ta na nb Ua Ub Critical U Value H0 
LFO2 vs CWO1/2 45 9 10 90 0 20 Reject 
LFO1 vs LFO2 45 9 4 36 0 4 Reject 
LFO1 vs CWO1/2 73 10 4 22 18 5 Accept 
Table 2H. K values used in the Mann-Whitney test. Values are from falling and rising head slug 
tests conducted in piezometers screened in till at each nest. LFO1-E results omitted due to 
potential connection to the underlying aquifer.  
 
 
 
 
 
 
 
 
 
 
 
Falling-
head 
Rising-head 
LFO1-C 1.88E-07 1.74E-07
LFO1-D 2.92E-06 4.92E-06
LFO2-A 2.66E-09 2.50E-10
LFO2-B 1.19E-08 2.41E-09
LFO2-C 1.55E-08 1.55E-08
LFO2-D 1.42E-10 ---
LFO2-E 3.23E-09 1.26E-09
CWO1-A 3.03E-06 3.64E-06
CWO2-B 8.46E-07 7.15E-07
CWO2-C 1.18E-06 1.42E-06
CWO2-D 1.58E-07 7.12E-08
CWO2-E 4.13E-07 4.23E-07
Piezometer                    
name
Hydraulic conductivity (ft s-1)
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Figure 1H. Table of the Critical values for the Mann-Whitney U-test. 
 
